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The Diagnostic Instrumentation and Analysis Laboratory (DIAL) at Mississippi
State University was awarded a project to study the feasibility of measuring particulate
matter downstream of a high efficiency particulate air (HEPA) filter by testing
commercially available equipment used to monitor the downstream side of a HEPA filter.
In order to perform the work required for this project, a test stand to accommodate a 12”
x 12’ x 11.5” HEPA filter with a rated flow of 250 standard cubic feet per minute (scfm)
was constructed. The test stand required an aerosol generator capable of producing a
mass loading rate of 30 mg/m3 of dry aerosol at the face of the HEPA filter. It was
determined that there was not a commercially available aerosol generator that quite fit the
needs of the project. Therefore, it was necessary to develop an aerosol generator with the
capabilities required for the project.
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CHAPTER I
INTRODUCTION
High efficiency particulate air (HEPA) filters are a very important part of the
off-gas treatment systems in Department of Energy (DOE) facilities handling
radioactive materials. HEPA filters are the final stage in the treatment of gases
generated by the processing or treating of radioactive wastes.
By definition, a HEPA filter must be capable of removing 99.97% of 0.3micrometer diameter and larger particulate matter from a gas stream. The useable life
of a nuclear grade HEPA filter is monitored by measuring the differential pressure
across the filter. The differential pressure drop across a new, unused HEPA filter is
not to exceed one inch water column at the filter’s rated flow. A HEPA filter is
currently taken out of service when the differential pressure across the filter reaches
five inches water column (Slawski, et al. 1-2).
The Diagnostic Instrumentation and Analysis Laboratory (DIAL) was
awarded a contract to evaluate the performance of HEPA filters under severe
conditions capable of causing failure. The primary objective of the project was to
determine whether or not it was possible to accurately monitor particulate matter
concentration on the downstream side of a HEPA filter. The project, funded by the
United States Department of Energy under Cooperative Agreements DE-FC26-
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98FT40395 and DE-FC01-04EW54600, was titled HEPA Filter Monitoring Project.
All work including design and testing was performed at the DIAL facility on the
campus of Mississippi State University.
Monitoring particulate matter downstream of a HEPA filter is important
because the HEPA filter is the last line of defense in preventing the release of
radioactive particulate matter into the atmosphere. Also, it is important to verify that
the continuous emissions monitors currently available can accurately detect
particulate matter at the extremely low concentrations that may exist downstream of a
HEPA filter. Evaluating emission rates downstream of a HEPA filter requires a test
stand capable of testing under real world conditions. This test system must be of a
size that is comparable to an industrial system and a large quantity of aerosol must be
produced.
The HEPA filters to be tested at DIAL were 12” x 12” x 11.5” glass fiber
nuclear grade HEPA filters with a rated flow of 250 standard cubic feet per minute
(cfm). After the design of the HEPA filter test stand was completed, the search for an
aerosol generator began. There are commercially available aerosol generators that
produce aerosols in many ways, but none quite fit the needs of the HEPA Filter
Monitoring Project. It was decided that DIAL would design an aerosol generator inhouse. The HEPA filter test stand was designed for a nominal air flow rate of 250
cfm. The targeted aerosol mass loading rate was 30 milligrams per cubic meter
(mg/m3) of dry aerosol at the face of the HEPA filter.
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The objectives of this research project were to design an aerosol generator
capable of:
•
•
•
•
•
•

Producing water soluble and insoluble aerosol s.
Producing a dry aerosol at the HEPA filter face.
Producing an aerosol mass loading rate of 30 mg/m3.
The challenge aerosol would have a geometric median diameter of 130
nanometers and a geometric standard deviation less than 2.0.
Introducing minimal air flow in the test stand to minimize the occurrence of
swirl in the test stand.
Generating reproducible results.

CHAPTER II
BACKGROUND ON DIAL HEPA FILTER MONITORING PROJECT
Public concern about radioactive particulate emissions to the atmosphere has
grown tremendously over the past two decades. The Clean Air Act, passed in 1990,
requires the United States Environmental Protection Agency (US EPA) to improve its
program for air quality protection. The US EPA responded to the Clean Air Act by
establishing a new set of emissions standards based on maximum achievable control
technologies (MACT). A number of MACT standards have been developed including
one for hazardous waste combustors (HWC MACT).
The US EPA intends to implement the particulate matter (PM) continuous
emission monitoring system (CEMS) requirement of the hazardous waste combustor
MACT when effective technologies are developed commercially. Use of PM CEMS at
mixed waste hazardous waste combustors, such as those operated by DOE, presents
somewhat of a problem because of very low concentrations of sub-micrometer particulate
matter that will exist downstream of a HEPA filter. Mixed waste hazardous waste
combustors represent a very small number of facilities subject to the HWC MACT. The
US EPA faces a problem in deciding whether the mixed waste hazardous waste
combustors should be included in the number of facilities used when determining the
existence of effective technologies available commercially. Implementation of PM
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CEMS requirements of the HWC MACT is somewhat problematic for both the US DOE
and US EPA due to uncertainties associated with detecting leaks from HEPA filters.
The US EPA OSWER (Office of Solid Waste Emergency Response) and the US
DOE EM (Office of Environmental Management) signed a Memorandum of
Understanding (MOU) based on the HWC MACT PM CEMS and PS (Performance
Specification) 11 to take full advantage of research efforts related to treatment and
disposal issues associated with mixed waste. The Memorandum of Understanding Core
Management Team developed a project to study problems associated with selection of
particulate matter continuous emissions monitors to be used downstream of a HEPA
filter. This DOE project study was chosen because implementation of the Hazardous
Waste Combustor MACT PM CEMS requirement was thought to be most difficult for
mixed waste incinerators that utilize HEPA filters in their off gas treatment systems. A
Technical Working Group (TWG) was formed to help provide guidance for this research
effort. The TWG consisted of state and federal EPA personnel, DOE and EPA
Headquarters personnel, DOE Focus Areas personnel, and personnel from the Diagnostic
Instrumentation and Analysis Laboratory (DIAL) at Mississippi State University.
Research conducted for this study was performed in the DIAL facility at Mississippi
State University.
In an attempt to improve operational reliability, the Defense Nuclear Facilities
Safety Board (DNFSB) conducted a study of HEPA filter utilization throughout the
Department of Energy sites. The Board’s concerns regarding deficiencies due to filter
aging, degraded infrastructure, and budget cuts in programs responsible for maintaining
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HEPA filters were presented in Technical Report 23 – HEPA Filters Used in the
Department of Energy’s Hazardous Facilities, published in May 1999 (DIAL 1-1 - 1-12).
HEPA filters are frequently utilized as the final treatment stage for process offgases released from facilities handling radioactive material. The filter “paper” used to
make up a HEPA filter consists of a fibrous glass media manufactured by a process
similar to papermaking. The assembled HEPA filter units consist of a rigid enclosure
that completely encloses a fan folded filter with the individual filter pleats physically
separated by mechanical means such as corrugated metal separators. By definition,
HEPA filters must be capable of removing at least 99.97% of 0.3 micrometer diameter
and larger particulate matter from an air stream at the rated flow for the HEPA filter.
Compliance of a HEPA filter is determined by measuring the penetration of thermally
generated di-octyl phthalate (DOP) particles through the filter at a filter test facility
(FTF). All HEPA filters deployed at DOE facilities are tested at and FTF before
deployment. A new, unused HEPA filter should demonstrate both the definitional
99.97% filter efficiency and have a maximum pressure drop of one inch of water column
at its rated flow.
The issues identified by DNFSB Technical Report 23 on HEPA filters used in
DOE facilities included five areas of concern because of their potential for triggering
filter failure (Zavadoski 2-1):
•
•
•
•
•

High particulate loading from smoke
Excessive heat
Wetting
Filter strength degradation from factors such as aging or shelf life
Air leaks
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The Nuclear Air Cleaning Handbook states that important design constraints for
systems utilizing HEPA filters include ensuring that the maximum upstream particle size
is limited to 1 to 2 micrometers (µm) and the maximum upstream particle concentration
is limited to 23 mg/m3. Typical operating temperatures for HEPA filters range from
180oF to 300oF. HEPA filters are typically operating at relative humidity conditions of
less than 30% (Zavadoski 2-3 – 2-5). Pre-filters or other off gas treatment units must be
installed upstream of HEPA filters if input concentrations are expected to exceed the 23
mg/m3 limit. Generally, HEPA filters are taken out of service when an excessive amount
of material has accumulated on the filter. The decision to remove a filter from service is
based on pressure differential across the filter, usually when the pressure drop reaches or
exceeds 5 inches of water column (DIAL 1-3).
As stated earlier a major motivating factor for initiating this study was
promulgation of the HWC MACT. However, in the late 1990’s, the DOE began an active
search for alternatives to incineration. This was motivated in large part due to increasing
concern of citizens’ groups around DOE sites. The Secretary of Energy Advisory Board
(SEAB) established a Blue Ribbon Panel to identify possible technologies to replace
incineration. The Blue Ribbon Panel is a group of independent experts responsible for
evaluating and recommending emerging non-incineration technologies for treatment and
disposal of mixed waste. Circumstances leading to the establishment of the Blue Ribbon
Panel and the technologies it identified as alternatives to incineration have relevance to
the HEPA Filter Monitoring Project proposed by the Diagnostic Instrumentation and
Analysis Laboratory (DIAL) at Mississippi State University. The level of concern

8
regarding incineration has been shown by the resistance to permitting new incinerator
facilities. Therefore, the need for a body of scientific data to address public concerns
about levels of PM emission from mixed waste treatment facilities was established
(DIAL 1-6).
The Diagnostic Instrumentation and Analysis Laboratory was commissioned to
perform the testing necessary to develop a body of scientific data associated with
continuously monitoring conditions downstream of a HEPA filter. This work was done
under the project titled DIAL HEPA Filter Monitoring Project. The DIAL HEPA Filter
Monitoring Project underwent two ASME (American Society of Mechanical Engineers)
peer reviews. The first ASME review covered the test plan for the project. The review
panel determined that the project had great technical merit and was important to the
Department of Energy and should be continued. The second ASME review covered the
HEPA filter test stand design, quality assurance plan, health and safety plan, aerosol
generation capabilities, particulate matter sampling equipment, and calibration of all
required instrumentation. Based on the recommendation of the review panel the DIAL
HEPA Filter Monitoring Project was approved to continue.
The test plan for the DIAL HEPA Filter Monitoring Project included two distinct
types of testing. These were failure mode testing and source term testing. Failure mode
testing involved driving the HEPA filters to failure. Filter failure was defined as:
•
•
•
•

Pressure drop across the HEPA filter of 10 inches water column or more
Filter efficiency of less than 99.97% for 0.3 micrometer particles
Pressure drop across the HEPA filter decreases by 10%
PM breakthrough detected by particle detection equipment
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Failure mode testing involved driving the filters to failure with smoke, elevated
temperatures, wetting, seal leak simulation, and filter fabric tear simulation (pin-hole
leak) (DIAL 5-8).
Source term testing involved operating the HEPA filter under normal conditions
and determining the removal efficiency. Source term testing activities included varying
the relative humidity in the test stand between 15% and 95%, the temperature between
ambient and 300oF, and the particle size distribution of the challenge agent between a
count median diameter of 0.01 micrometers to 3.0 micrometers. Source term testing also
included looking at how the filtering efficiency of a HEPA filter changes as the filter
loads, or the pressure drop across the filter increases (DIAL 6-5 – 6-9).
The DIAL test stand was designed to operate at stable set points and be user
friendly. This test stand was designed to test 12” x 12” x 11.5” HEPA filters at a nominal
flow rate of 250 standard cubic feet per minute (scfm). It was designed to have the
lowest possible levels of particulate matter entering the front end of the test section. This
is accomplished by filtering the inlet air with an ASHRAE (American Society of Heating,
Refrigerating, and Air-Conditioning Engineers) filter, HEPA filter, and an ULPA (Ultra
Low Particulate Air) filter. The operating parameters for the test stand are as follows
(DIAL 4-41):
•
•
•
•
•
•

Volumetric flow in the range of 20% to 150% of the filter’s design
capacity
Filter media velocity of 3 to 10 feet per minute
Temperature range of ambient to 250oF
Relative humidity range of 15% to 95%
Static pressure range of –10 to +28 inches water column
Background PM level of 0 (below detection limit of instruments)
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The aerosol generator was developed to perform the HEPA filter testing done at
DIAL. The HEPA filters were to be challenged with a dry aerosol. Requirements for the
aerosol generator included the ability to produce a concentration of 30 mg/m3 at an air
flow rate of 250 scfm in the HEPA test stand, vary the particle size distribution of the
aerosols, produce a variety of aerosol chemical matrices, and produce aerosols
continuously for extended testing times.

CHAPTER III
BACKGROUND INFORMATION ON AEROSOLS AND AEROSOL
GENERATION TECHNIQUES
A combination of liquid or solid particles suspended in a gas is defined as an
aerosol. Aerosols consist of particles suspended in a gaseous medium and the gas in
which they are suspended. A wide range of components such as dust, smoke, mist,
fumes, fog, clouds, and smog make up aerosols. Aerosols have the ability to affect
visibility and climate as well as health and quality of life in many ways. Aerosols are
commonly referred to as suspended particulate matter, disperse systems, and
aerocolloidal systems.
Aerosol properties depend on particle size, concentration within the
suspending medium, and chemical matrix composition. The degree of stability
depends on both the particle size and concentration. The properties of aerosols
influence production, transport, and ultimate fate of atmospheric particulate
pollutants.
An applied knowledge of aerosol properties is necessary in order to
effectively measure and control particulate pollutants in both the environment and
workplace. Aerosol technology has industrial applications. Some industrial
applications include spray-drying operations, carbon black manufacturing, fiber
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optics manufacturing, production of pigments, and the application of pesticides
(Hinds 1-8).
There are many methods employed to generate aerosols. Some common
methods for aerosol production are atomization, nebulization (a sub-category of
atomization), thermal processes, mechanical processes, and combustion process
simulation. These methods are used to simulate aerosols produced by industrial
processes and nature. Each method has a particular particle size distribution,
geometric standard deviation, geometric mean, and mass output.
Aerosol Statistics
An aerosol can be described by a number of statistical parameters. Some of
these statistics are defined below to assist the reader. These definitions were
taken from Aerosol Technology by William Hinds (53, 81-94).
Definitions
Count median diameter (CMD): the diameter at which half of the total number of
particles is smaller and half is larger, dimension in length units
Count mode: the diameter with the single largest number of particles, dimension in
length units
Count mean diameter: average diameter, based on total number of particles
Mass median diameter (MMD): the diameter at which half of the mass is contained in
smaller particles and half in larger particles, dimension in length units
Mass mean diameter: average diameter, based on total mass of particles

13
Geometric standard deviation (GSD): ratio of two sizes with no dimension, always
has a value of 1.0 or greater
Aerodynamic diameter: the diameter of a spherical particle with the density of a water
droplet (1000 kg/m3) that has the same settling velocity as the particle being
measured. Aerodynamic diameter adjusts for shape and density.
Stokes diameter: the diameter of a sphere that has the same settling velocity and
density as the particle being measured.
Monodisperse aerosol: an aerosol in which all the particles are the same size and can
be produced for use as a test aerosol in a laboratory.
Polydisperse aerosol: an aerosol in which the particles vary in size and require
statistical techniques for characterizing their sizes.
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Atomization
Atomization describes the process of breaking a liquid into droplets. The
different types of atomizers are determined by the energy used to facilitate the
breakup of the liquid. Some common atomizers are pressure atomizers, pneumatic
atomizers, rotary atomizers, vibrating orifice aerosol generators, and spinning disk
aerosol generators.

Figure 3.1 Pressure Atomizer (adapted from www.spray.com)
The pressure atomizer forms droplets by transforming liquid pressure into
kinetic energy. Figure 3.1 is a schematic of a pressure atomizer. Two types of
pressure atomizers are swirl atomizers and jet atomizers. The swirl atomizer makes
the liquid spin as it leaves the nozzle, which forms a hollow cone enabling the
breakup of the liquid stream. The jet atomizer forms large droplets at a distance from
the nozzle by expelling the liquid stream at a high velocity.
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T h e p n e u m ati c at o mi z er utili z es e n er g y fr o m c o m pr ess e d air t o f or m li q ui d
dr o pl ets. T his at o mi z er pr o d u c es t h e s m a ll est si z e d li q ui d dr o pl ets. T h e p n e u m ati c
at o mi z er c a n b e utili z e d t o f or m a er os ol dr o pl ets fr o m vis c o us li q ui ds. A n e x a m pl e
of a p n e u m ati c at o mi z er is a n e b uli z er.
A r ot ar y at o mi z er utili z es a r ot ati n g el e m e nt t o a d d ki n eti c e n er g y t o t h e li q ui d
t o f or m dr o pl ets. T his t y p e of at o mi zer is c o m m o nl y us e d f or s pr a y dr yi n g
o p er ati o ns.
T h e vi br ati n g orifi c e a er os ol g e n er a t or, s h o w n i n Fi g ur e 3. 2, c o nt ai ns a
s yri n g e p u m p t h at p u m ps li q ui d t hr o u g h a s m all orifi c e f or mi n g a t hi n li q ui d fil a m e nt.
T h e orifi c e is t y pi c all y 5 t o 5 0 mi cr o m et ers i n di a m et er. T h e orifi c e os cill at es al o n g
t h e a xis of t h e li q ui d fil a m e nt t o f or m a dr o pl et. T h e dr o pl ets ar e m o n o dis p ers e
pr o vi d e d t h at b ot h t h e li q ui d fl o w r at e a n d os cill ati o n fre q u e n c y ar e c o nst a nt. T h e
di a m et er of t h es e m o n o dis p ers e dr o pl ets is c al c ul at e d b y e q u ati o n 3. 1:
d

p

6*Q L
= 
π * f

1

3



( 3. 1)

W h er e:
d p = di a m et er of dr o pl et
Q L = li q ui d fl o w r at e ( m3 /s or c m3 /s)
f = os cill ati o n fr e q u e n c y ( H z)
C o a g ul ati o n is p ossi bl e a n d c a n b e a pr o bl e m b e c a us e t h e dr o pl ets ar e v er y
cl os e t o g et h er at t h e p oi nt of f or m ati o n. T h er ef or e, it is n ec ess ar y t o us e a j et of air t o
dil ut e a n d dis p ers e t h e a er os ol dr o pl ets at t h e e xit of t h e orifi c e.

T h e c o n c e ntr ati o n

of t h e o ut p ut b ef or e dil uti o n is t y pi c all y 8 0 0 t o 1 2, 0 0 0 p arti cl es p er c m 3 . Aft er
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3

dilution, the concentration of the output is typically 30 to 400 particles per cm .
Compatibility is limited to low viscosity liquids without impurities that could obstruct
the orifice.

Figure 3.2 Vibrating Orifice Aerosol Generator (VOAG) (adapted from Hinds)
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S oli d a er os ol p arti cl es m a y b e pr o d u c e d usi n g t his a er os ol g e n er at or. T his
a er os ol g e n er at or c a n b e utili z e d t o r e d u c e t h e p arti cl e si z e of s oli d s ol ut es diss ol v e d
i n v ol atil e s ol v e nts. T h e di a m et er of t h e g en er at e d s oli d p arti cl es is d et er mi n e d usi n g
e q u ati o n 3. 2:
d

p

= d d * (F v

1

)3

( 3. 2)

W h er e:
d p = di a m et er of s oli d p arti cl e
d d = di a m et er of dr o pl et
F v = v ol u m e fr a cti o n of s oli d m at eri al
T h e s pi n ni n g dis k a er os ol g e n er at or is a n ot h er m o n o dis p ers e at o mi z er. It
c o nsists of a h ori z o nt al dis k r ot ati n g at a r at e u p t o 7 0, 0 0 0 r p m. Liq ui d is a d d e d at t h e
c e nt er of t h e dis k at a c o ns t a nt r at e. T h e li q ui d tr a v els a w a y fr o m t h e c e nt er of t h e
dis k as a t hi n fil m i n d u c e d b y c e ntrif u g al f o r c es. At t h e e d g e of t h e dis k, t h e fil m
f or ms fil a m e nts. T h es e fil a m e nts t h e n br e a k i nt o p arti cl es. T he dr o pl et si z e d e p e n ds
o n t h e r a di us a n d r ot ati o n al s p e e d of t h e dis k. E q u ati o n 3. 3 is utili z e d t o c al c ul at e t h e
dr o pl et di a m et er:
 0. 4 7   γ 

dd = 
 * 
 ω  ρL*R 

( 3. 3)

W h er e:
d d = di a m et er of dr o pl et
ω = r ot ati o n al s p e e d (r e v ol uti o ns/s e c o n d)
γ = s urf a c e t e nsi o n
ρ L = d e nsit y of t h e li q ui d
R = r a di us of t h e dis k
A er os ol dr o pl ets wit h a di a m et er si z e r a n g e of 2 0 t o 1 0 0 mi cr o m et ers a n d

18
geometric standard deviation of 1.1 can be achieved through meticulous control of all
variables. As the filaments break, smaller satellite droplets form and must be
removed in order to maintain this high magnitude of monodispersity. The satellite
droplets are removed by aerodynamic separation. This takes place by an air stream
sweeping the fringe of the disk to remove the satellite droplets. The inertia of the
larger droplets moves them into the airflow of the main stream (Hinds 428-434).
Effect of Varying Operating Parameters of Atomization Process
It has been shown that varying certain operating parameters will influence the
particle size distribution produced by atomization. Increasing the ratio of air mass
flow rate to liquid mass flow rate in an atomizer will decrease the mean droplet size
and, as a result, the particle size distribution also. Increasing the atomizing air
pressure typically results in a smaller particle size distribution. Also, decreasing the
surface tension of the liquid will help reduce the particle size distribution (Salisbury,
et al.156-157).
Typically, the particle size distribution of an aerosol has only one mode. The
larger particles in the distribution account for the majority of the mass generated. The
smaller particles in the particle size distribution far outnumber the larger particles, but
account for only a fraction of the total mass. Also, particle size can be influenced by
temperature, humidity, and air velocity (Johnsen, 1997).
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Types of Challenge Agent (solid or liquid) Used for Atomization
Atomization utilizes instabilities of a fluid in nonlinear basic flow. The
growth of small-scale eddies are the result of the instabilities in the fluid. These
eddies achieve the deformations of mixing which lead to the separation of the droplet
from the bulk fluid. Atomization is encouraged by forcing a basic flow pattern of
instability at the liquid gas interface toward eddies that are located in the same plane
as the liquid gas interface.
The bulk liquid to be atomized may include a heavy solid particle suspension;
a slurry, for example. It has been determined that the presence of solid particles does
not significantly inhibit the atomization of the slurry. Therefore, slurry atomization
can be very similar to the atomization of a pure liquid when performed using the
same nozzle and operating conditions.
Slurry spray drops may contain very few solid particles or possibly a large
quantity of solid particles. It is thought that the solid particles do not strongly
influence atomization eddies. Also, the atomization performance of the slurry is very
much like that of the liquid carrier without solid particles (Dietrich 654-656).
This leads to the conclusion that atomization can be utilized to produce
aerosols containing either liquid or solid particulate matter.
Nebulization
There are many types of nebulizers. Some common types are DeVilbiss
nebulizers, Laskin nebulizers, and ultrasonic nebulizers. A nebulizer is a type of
pneumatic atomizer. Nebulizers produce a narrow particle size distribution. This is
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possible because the spray droplets at the larger end of the particle size distribution
are removed by impaction within the nozzle. Nebulizers typically produce aerosol
concentrations in the range of 5 to 50 mg/m3. In general, nebulizers produce aerosols
with mass median diameters of 1 to 10 microns and geometric standard deviations of
1.5 to 2.5. Nebulizers typically produce a particle number concentration of 106 to 107
particles/cm3.
The principle of operation behind the DeVilbiss model 40 nebulizer, shown in
Figure 3.3, is typical of most compressed air nebulizers. The components and
geometry differ with each type. In this nebulizer, compressed air is supplied at a
pressure range of 5 to 50 psig. This compressed air enters the nozzle through a small
tube just above the liquid reservoir level. The air creates an area of low pressure at its
exit by the Bernoulli effect, which in effect allows liquid to be pulled from the liquid
reservoir through another tube. As the liquid exits the tube, the compressed air
stream expands it until the liquid breaks into droplets. The droplet spray stream
impacts the surface of the nebulizer. The large droplets impact the inner surface of
the nebulizer and drain back into the liquid reservoir, while the smaller droplets exit
the nebulizer and enter the air stream.
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Figure 3.3 DeVilbiss Model 40 Nebulizer (adapted from Hinds)
Another type of nebulizer is the Laskin nozzle, shown in Figure 3.4. The
Laskin nozzle is different from most other nebulizers in that the jet component of the
nebulizer is located beneath the liquid level of the reservoir. The nebulized aerosol
stream impacts the liquid surface as it leaves the jet. The intense agitation by the air
jet generates a dense foam containing tiny bubbles. This occurs typically with oily
liquids such as diocytl-phthalate (DOP), corn oil, and mineral oil. These tiny bubbles
make more aerosol particles as they burst at the liquid surface. Both mechanisms
influence the final particle size distribution of the aerosol.
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Fi g ur e 3. 4 L as ki n N o z zl e
T h e ultr as o ni c n e b uli z er t y pi c all y pr o d u c es a m e a n m a ss di a m et er i n t h e r a n g e
of 1 t o 1 0 mi cr o m et ers. T h e ultr as o ni c n e b uli z er d o es n ot us e c o m pr ess e d air. A
pi e z o el e ctri c cr yst al g e n er at es ultr as o ni c w a v e s t h at ar e f o c us e d n e ar t h e s urf a c e of a
s m all li q ui d v ol u m e. A c o ni c al f o u nt ai n is f or m e d a b o v e t h e s urf a c e of t h e li q ui d d u e
t o t h e a git ati o n c a us e d b y t h e ultr as o ni c e ner g y. C a pill ar y w a v es f or m o n t h e s urf a c e
of t h e f o u nt ai n as a r es ult of t h e a cti o n of t h e c o m pr essi o n w a v es. A d e ns e a er os ol is
f or m e d d u e t o t h e a cti o n of t h e c o m pr essi o n w a v es i n t h e li q ui d. T h e a er os ol is t h e n
c arri e d a w a y fr o m t h e ultr as o ni c n e b uli z er b y a g e ntl e fl o w of air o v er t h e li q ui d. T h e
p arti cl e si z e, or t h e c o u nt m e di a n di a m et er ( C M D) pr o d u c e d, is d es cri b e d b y e q u ati o n
3. 4, w hi c h h ol ds tr u e f or e x cit ati o n fr e q u e n ci es of 0. 0 1 2 t o 3 M H z ( Hi n ds 4 2 9- 4 3 2):

 γ 
C M D = 

ρ
f
 L 

1/ 3

( 3. 4)
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W h er e:

γ = s urf a c e t e nsi o n of t h e li q ui d
ρ L = d e nsit y of t h e li q ui d
f = e x cit ati o n fr e q u e n c y i n H z
Eff e ct of V ar yi n g O p er ati n g P ar a m et ers of N e b uli z ati o n Pr o c ess
I n cr e asi n g air v el o cit y will d e cr e as e t h e m e di a n p arti cl e si z e. A d e cr e as e i n

s urf a c e t e nsi o n as w ell as i n li q ui d vis c osit y will als o d e cr e as e t h e m e di a n p arti cl e
si z e ( Hi n ds 4 2 9- 4 3 2). It h as b e e n d et er mi n e d t h at t h e p ar a m et er h a vi n g t h e gr e at est
eff e ct o n p arti cl e si z e distri b u ti o n or dr o pl et si z e pr o d u c e d b y a n e b uli z er is t h e air
v el o cit y t hr o u g h t h e air orifi c e ( N er bri n k S 2 1 7- S 2 1 9).
T y p es of C h all e n g e A g e nt (s oli d or li q ui d) Us e d f or N e b uli z ers
V er y st a bl e a er os ols c a n b e pr o d u c e d b y c o m pr ess e d air n e b uli z ers w h e n
n e b uli zi n g l o w v ol atilit y li q ui ds s u c h as D O P . A v ol atil e s ol v e nt wit h s oli d m at eri al
diss ol v e d i n it c a n b e n e b uli z e d t o f or m s m all s oli d a er os ol p arti c ul at e b e c a us e t h e
v ol atil e s ol v e nt will r a pi dl y e v a p or at e d uri n g dr o pl et f or m ati o n. T his d e m o nstr at es a
str ai g htf or w ar d m e c h a nis m f or g e n er ati n g a s oli d p arti c ul at e a er os ol b y n e b uli zi n g a
li q ui d s ol uti o n. T h e fi n al si z e of t h e p arti cl e is d es cri b e d b y e q u ati o n 3. 5 ( Hi n ds
4 3 1):
d p = d d * ( F v )1 / 3

W h er e:

d p = fi n al a er os ol p arti cl e di a m et er, i n mi cr o m et ers
d d = dr o pl et di a m et er, i n mi cr o m et ers
F v = v ol u m e fr a cti o n of s oli d m at eri al

( 3. 5)
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A solution of sodium chloride in water can be nebulized to produce a solid
particle. When the water has been removed from the droplet, a solid particle is left
which has a volume of approximately 1/1000th of the volume of the original droplet.
The particle will have an equivalent volume diameter that is approximately 1/10th of
the droplet’s original diameter. The geometric standard deviation of the particle size
distribution will remain the same after drying because the size of each particle is
reduced by the same factor.
Nebulization can also be used to generate aerosols consisting of small liquid
droplets. Liquid aerosols consisting of small liquid droplets can be generated by
nebulizing a low vapor pressure liquid dissolved in a volatile solvent. Equation 3.5
can also be used to determine the final size of the aerosol droplet.
Drying is very important to the determination of true particle size distribution.
The aerosol stream can be sent through a diffusion dryer. A diffusion dryer consists
of a wire screen tube that is surrounded by desiccant pebbles. The wet aerosol travels
through the wire screen tube with the desiccant removing the moisture. Evaporative
loss of the solvent from the reservoir is a problem when generating a solid particle
aerosol by nebulization. This causes the concentration of the solute to increase over
time thus increasing the particle size distribution over time as well. This problem can
be reduced by pre-saturating the air supply and by cooling the nebulizer (Hinds 431).
Thermal Generation Techniques
Thermal techniques used in generation of aerosols can be described as
evaporation and condensation processes. For example, a very good method utilized
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t o g e n er at e a er os ols wit h s u b- mi cr o m et er p arti cl e si z es is t o c o n d e ns e a n or g a ni c
v a p or. C o n d e ns ati o n of or g a ni c v a p ors s h o ul d t a k e pl a c e v er y sl o wl y i n c o ntr oll e d
c o n diti o ns. T h e c o n c e ntr ati o n of n u cl ei a n d t h e v a p or m ust b e c o ntr oll e d i n or d er t o
c o ntr ol p arti cl e si z e. T h e n u cl ei c o nsist of r esi d u e l eft aft er e va p or ati o n a n d pr o vi d e
sit es f or c o n d e ns ati o n t o o c c ur. U n d er c o ntr oll e d c o n diti o ns, e a c h dr o pl et f or m e d i n
t h e c o n d e ns ati o n r e gi o n gr o ws t o a n i d e nti c al ulti m at e si z e as e a c h ot h er dr o pl et. T h e
di a m et er of t h e dr o pl et is d es cri b e d b y e q u ati o n ( 3. 6):

 6C m
d d = 
πρ LN
W h er e:





1/ 3

( 3. 6)

d d = di a m et er of fi n al dr o pl et
C m = m ass c o n c e ntr ati o n of v a p or
ρ L = d e nsit y of t h e li q ui d b ei n g c o n d e ns e d
N = n u m b er c o n c e ntr ati o n of n ul c ei

T his e q u ati o n n e gl e cts l oss es fr o m c o n d e ns ati o n o n t h e w alls of t h e a p p ar at us.
T h e c o n d e ns ati o n pr o c ess is c arri e d o ut b y c o oli n g. Air is p ass e d o v er or
t hr o u g h a r es er v oir of h e at e d li q ui d t o pr o d uc e a c o n c e ntr ati o n of v a p or. Als o, it is
p ossi bl e t o n e b uli z e t h e li q ui d a n d t h e n h e at t h e a er os ol str e a m t o pr o d u c e t h e v a p or
c o n c e ntr ati o n. I n b ot h i nst a n c es, t h e a er os ol w o ul d t h e n b e c o n d e ns e d t o f or m
dr o pl ets.
A v er y si m pl e t y p e of t h er m al a er os ol g e n er at or is t h e e v a p or ati o nc o n d e ns ati o n m o n o dis p ers e a er os o l g e n er at or. T h e li q ui d i n t h e r es er v oir is n e b uli z e d
a n d h e at e d t o pr o d u c e t h e v a p or c o n c e ntr ati o n.

E a c h dr o pl et l e a v es b e hi n d a r esi d u e
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when it evaporates. This residue provides a nucleus for later condensation.
Condensation aerosol is produced by cooling the vapor and nuclei mixture.
The number concentration of the aerosol produced is identical for the
condensation droplets, nuclei, and nebulized droplets. The geometric standard
deviation of the aerosols produced ranges from 1.2 to 1.4. When there is no loss to
the walls and no volatile solvent, the average mass diameter is identical for the spray
droplets and the condensation droplets. This is because the total number of particles
and total mass of particles is constant. Particle size ranges from 0.003 micrometers to
greater than 1 micrometer are possible (Hinds 443-445).
Effect of Varying Operating Parameters of Nebulization Process
The particle size can be controlled by adding a volatile solvent, which does
not condense in the condensation region, to the nebulizer’s liquid reservoir.
Types of Challenge Agent (solid or liquid) Used for Thermal Generation
A thermal aerosol generator is compatible with any solid or liquid material
that has a boiling point between 300oC and 500oC (Hinds 443-445).

CHAPTER IV
APPARATUS DESCRIPTION
The design of the DIAL aerosol generator was governed by a set of
performance requirements. These requirements included:
•
•
•
•
•
•
•
•

Mass loading rate of 30 mg/m3 at HEPA filter face
Specific particle size distribution
o Count mean diameter (CMD) ~130 nanometers
o Geometric standard deviation (GSD) ~ 2 or less
Dry aerosol at HEPA filter
Air flow rate from aerosol generator must be less than 10 cfm or 5% of
total volumetric air flow rate in the HEPA filter test stand
No more than 10 ml/min water flow into test stand in order to maintain
low relative humidity
Continuous operation for length of test
Stable particle size distribution (PSD) and mass generation rate
Ability to vary PSD, chemical composition of aerosol matrix, and
mass generation rate

The Hazardous Waste Combustor (HWC) Maximum Achievable Control
Technology (MACT) standard is 34 mg/m3 (DIAL 1-3). It should be remembered
that HEPA filters are not to be challenged with more than 23 mg/m3. In order to
evaluate the performance of a HEPA filter in this high concentration exposure range,
the DIAL aerosol generator was designed to produce a mass loading rate of 30 mg/m3
at the face of the HEPA filter. The target count mean diameter of the particle size
distribution was determined to be 130 nanometers. The geometric standard deviation
was targeted to be 2 or less. The aerosol must be as dry as possible when it comes
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into contact with the HEPA filter in order to simulate conditions in an off gas stream
at a United States Department of Energy (US DOE) facility. The volumetric air flow
rate from the aerosol generator should be no more than 5% of the total volumetric air
flow rate (250 cfm) through the test stand. Minimizing the amount of air flow
introduced tangentially into the test stand helped prevent swirl in the test stand.

Figure 4.1 DIAL Test Stand
The DIAL HEPA Filter Monitoring Project test stand consists of a filtered air
intake section, two venturi flow meters, a particle injection section, an upstream
sampling section, the HEPA filter housing, and a downstream sampling section. The
filtered air intake section consists of an American Society of Heating, Refrigerating,
and Air Conditioning Engineers (ASHRAE) filter, a HEPA filter, and an Ultra Low
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Particulate Air (ULPA) filter. The test stand is constructed of stainless steel tubing
with an electropolished inner surface. The inner surface was electropolished to help
reduce deposition of particles in the test stand as well as making it less difficult to
clean the test stand. The upstream sampling section consists of eight three-inch
flanged ports. The downstream sampling section consists of four three-inch flanged
ports.
The HEPA filter test stand operates at 250 standard cubic feet per minute
airflow for normal testing activities. The normal operating temperature ranges from
ambient to approximately 80 oF. Testing required the relative humidity to vary from
“dry” conditions to ambient conditions to “wet” conditions. It was decided that dry
conditions would be simulated at 15% relative humidity. Ambient conditions would
be simulated at 50% relative humidity. Wet conditions would be simulated at greater
than 90% relative humidity. The relative humidity in the test stand was regulated by
the use of a compressed air dryer and monitored with a relative humidity probe
located in the test duct.
DIAL’s HEPA filter test stand was designed and constructed in house at
DIAL for studying HEPA filter performance under a variety of operating conditions.
Both conventional and innovative instrumentation for monitoring HEPA filter
performance have been evaluated using the DIAL HEPA filter test stand.
Major design parameters for the HEPA filter test stand include:
•
•
•
•

Flow rate = 50-375 cfm (250 cfm nominal)
Inlet temperature = ambient to 350 oF
Relative humidity = 15%-90%
Filter size = 12”x12”x11 ½ “ thick
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•
•

Ability to make multiple, simultaneous, measurements both upstream
and downstream of the test filter.
Injection of a variety of challenge agents.

Standard HEPA filters (2’ x 2’ x11”) normally used in waste treatment
systems are rated for 1000 scfm (standard cubic feet per minute) nominal air flow
rate. Due to limited space, flexibility, and ease of use, it was determined that a 1’ x 1’
x 11” HEPA filter would be sufficient. The 1’ x 1’ x 11” HEPA filter was rated for a
nominal air flow rate of 250 scfm. The 1’ x 1’ x 11” HEPA filter was the more
practical choice when the matter of particulate generation was investigated. It takes 4
times more particulate matter to challenge a 2’ x 2’ x11”HEPA filter than to
challenge a 1’ x 1’ x 11” HEPA filter. Other design parameters were determined
from surveys of DOE facilities and input from members and stakeholders in the
Technical Working Group (TWG).
The HEPA filter and HEPA filter housing were required to be compatible with
the ASME-AG-1 standard. The ASME-AG-1 standard details the construction
materials and methods accepted for a variety of filters and filter housings. This
standard also provides some additional information on testing and acceptance
procedures requirements. The ASME-AG-1 standard is currently under development
and as a result some older codes, such as the ASME-N509 and ASME-510 codes,
were consulted for some portions of the test stand design and construction.
Calibration requirements for the instrumentation on the test stand were developed
from IEST (Institute of Environmental Sciences and Technology) procedures.
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Figure 4.2 DIAL HEPA Filtration Process
A schematic of the facility is shown in Figure 4.1. Room air was pulled into
the test stand. A Hankison Model HHS-260 regenerative desiccant bed compressed
air dryer was used to reduce the relative humidity inside the test stand when required
for low relative humidity test conditions. The DIAL facility compressed air system
supplied compressed air to the air dryer. Ducting was used to pull air from outside
the building for high relative humidity test conditions. A number of other techniques
were used to increase the relative humidity in the test stand, such as Laskin nozzles,
and an acoustic evaporation system.
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The inlet air enters the test stand through a sequence of filters to ensure that
the air entering the test stand is free of any particulate, which could influence
particulate measurements further downstream. The air passes through a Flanders
stainless steel filter housing containing an 85% ASHRAE (American Society of
Heating, Refrigerating, and Air-conditioning Engineers) filter, followed by a nuclear
grade HEPA filter, and finally an ultra low particulate air (ULPA) filter. This filter
housing is compatible with a standard “off-the-shelf” 12”x12” filter. The filtered air
then passes into the upstream section of the test stand. The upstream section of the
test stand consists of the stream preparation section and the upstream measurement
section. The upstream section of the test stand contains a 6- inch venturi flowmeter
followed by a sequence of two 6-inch 304 stainless steel tube sections. Tubing was
used instead of pipe to help seal the test stand more tightly and to make it more
difficult for outside air to get into the test stand. The flanges used to seal the tubing
were ConFlat-style vacuum flanges. The stainless steel tubing was electro-polished
to 10 Ra in order to minimize deposition of particulate matter on the inner surfaces of
the test stand.
Particulate challenge agents were injected into the test stand in a 3-inch port in
the stream preparation section. Relative humidity and temperature were monitored in
the upstream section of the test stand. The next section is the upstream measurement
section. This section has two sets of 3-inch ports directly opposite of each other for
use in taking dual train measurements via Reference Method 5i or any other type of
particulate sampling measurement method. Just prior to the HEPA test filter inlet, a
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port is located that may be used for injecting water or for installation of a probe.
Adequate distance between the particulate injection and measurement sections allows
for the air and particulate to be well mixed before arriving at the upstream
measurement section. At normal test operating conditions, the plug flow velocity in
the 6-inch tubing is nominally 21.2 fps (feet per second).

Atomizing Nozzle
Syringe Pump

Hot Plate

Heat Tape
Air Heater

Heated Transfer
Line

Test Stand
Figure 4.3 DIAL Large Scale Aerosol Generation System
The DIAL aerosol generation system, shown in Figure 4.2, consists of a
stainless steel tank, two mass flow controllers, an air dryer, cyclone, syringe pump,
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gear pump, peristaltic pump, air heater, seven thermocouples, and an atomizing
nozzle.
The aerosol generation chamber is a stainless steel tank 30 inches in diameter
and 38 inches in height. The tank was customized in-house by the DIAL machine
shop. The walls of the tank were heated to approximately 200 oF to reduce the
occurrence of agglomeration of particles on the tank wall. The tank wall was heated
using 5 strips of heat tape controlled by variable transformers. The variable
transformers were Tenma 10A variable autotransformers. The heat tape strips were
placed approximately 7 inches apart. The heat tape was 120 VAC dual element heat
with a total wattage of 624 watts per strip. The heat tape length was 8 feet and the
width was 0.5 inches. The heat tape was purchased from Cole Parmer. The aerosol
stream exited the aerosol generator through a nozzle. The nozzle height was
approximately 10 inches from the bottom of the tank. This nozzle was pointed
downward to prevent the larger particles from being pulled out of the aerosol
generator easily. The nozzle was constructed of 1 inch stainless steel tubing and the
nozzle entrance was positioned in the center of the tank.
Two compressed air streams flowed through the mass flow controllers. Both
of these air streams were dried by a compressed air dryer prior to entering the mass
flow controllers. The mass flow controller for the air sheath was an Aalborg GFC
571S with a flow range of 0 to 200 liters per minute (lpm). The mass flow controller
for the nozzle air was an Aalborg GFC 471S with a flow range of 0 to 100 liters per
minute. The connections on the inlet and outlet of both mass flow controllers were
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3/8 inch stainless steel tubing. The wetted parts inside the mass flow controllers were
stainless steel. The air dryer was a Hankison DH-60. This is a regenerative desiccate
bed compressed air dryer with activated alumina desiccate. It has an inlet capacity of
60 cfm (cubic feet per minute) and an outlet flow capacity of 51.4 cfm. The air dryer
required an inlet pressure range entering the dryer from 90 to 100 psig.
The sheath air stream was controlled at 130 liters per minute and passed
through copper tubing enclosed in an insulated chamber. Apex Instruments
manufactured the insulated chamber. Its model number is SPCL #0008855. The
insulated chamber contained three slug heaters. The slug heaters were 375 finned
strip heaters manufactured by Watlow. The fins on the heaters allowed for faster
transfer of heat away from the heaters. These slug heaters heated the chamber to a
temperature of 500 oF to 550 oF while heating the air inside the tubing to
approximately 450 oF at the exit of the insulated chamber. This air then passed
through insulated copper tubing into a 1-inch diameter copper ring that followed the
inside edge of the stainless steel tank. The temperature of this air stream was
measured at the point directly opposite to where the air enters the copper ring. The
air sheath had cooled to approximately 200 oF when it reached this point. The
purpose of this hot air sheath was to help dry the aerosol particles before they exit the
aerosol generator and reduce the agglomeration of particles onto the wall of the
aerosol generator.
An air stream of 26 liters per minute flowed directly into the atomizing
nozzle. The atomizing nozzle was located in the top center of the aerosol generator.
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A liquid stream at 10 milliliters per minute flowed into the nozzle as well. The liquid
stream was typically a 30% by weight solution of potassium chloride (KCl) and
deionized water. The nozzle produced the aerosol and sprayed into the stainless steel
tank. The aerosol was then dried in the aerosol generator and pulled into the test
stand through the outlet of the stainless steel tank and into a cyclone.
The aerosol generator was capable of producing aerosol from a variety of
challenge agents. Aerosol types that have been produced to date include potassium
chloride (KCl), sodium chloride (NaCl), sugar, ferrous sulfate (FeSO4), and RIC
sludge (meant to simulate tank waste at the Hanford site in Washington state). Each
of the solutions, with the exception of the waste tank simulant, was prepared using
deionized water. The waste tank simulant was already in liquid form. The deionized
water was 18 meg – ohm produced by a Barnstead water unit, consisting of a RO
Pure LP D2716 reverse osmosis unit and a Nanopure Infinity UV D8971 ultra pure
water system.

The potassium chloride was certified ACS grade purchased from

Fischer Scientific. The ferrous sulfate was purchased from the website,
www.chemistrystore.com. The sodium chloride and sugar were purchased from a
local discount retailer.
The air atomizing nozzle was a ¼ J SS stainless steel nozzle body with a
SU1A-SS stainless steel spray set up, manufactured by Spraying Systems. The
atomizing nozzle operated as an external mix nozzle. This means that the liquid and
compressed flow through separate chambers in the nozzle and did not come into
contact with each other until they exited the nozzle. This nozzle produced a hollow
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cone-shaped round spray pattern. The compressed air flow rate into the nozzle was
26 liters per minute at 50 psig. Liquid flow was supplied to the nozzle by a syringe
pump, gear pump, or peristaltic pump.
The syringe pump was a Harvard Apparatus programmable push pull pump
model number PHD 2000. The pump had four syringes loaded on it. The syringes
were 60 ml latex free plastic syringes manufactured by Becton Dickson. It was set up
so that as two syringes were infusing, the other two syringes were refilling. Dual
check valves were attached to the syringes, which allowed the liquid to enter and exit
the syringe properly. The check valves were connected to 1/16 inch diameter Tygon
tubing by luer-tip to tubing fittings. The inlet tubing was placed in the liquid
reservoir. The outlet tubing was connected to the liquid inlet to the atomizing nozzle.
A gear pump was also used to deliver liquid to the air atomizing nozzle. The
gear pump consists of a pump head and magnetic drive. The magnetic drive was an
Ismatech model MCP-Z. The pump head was a Micropump model GA-V21.19VSB.
The gears in the pump head were Kevlar gears. The gear pump used 1/16 inch tygon
tubing to transport the liquid. The gear pump supplied a very steady delivery of
liquid to the nozzle as well as offering more reliable operation than the syringe pump.
The third pump used for delivering liquid to the aerosol generator was a
peristaltic pump. This pump was used primarily for the waste tank simulant. The
peristaltic pump was a Masterflex Easy Load II model 7553-70 purchased from Cole
Parmer. The tubing used to transport the waste tank simulant was Masterflex L/S 13
norprene tubing. The waste tank simulant was very gritty and somewhat basic, which
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caused problems with the gear pump and syringe pump. As a result, the peristaltic
pump was used because the tubing used to transport the waste tank simulant could be
replaced as needed and no moving parts would be damaged by the simulant.
Standard Operating Conditions for the large aerosol generator were as follows:
Table 4.1

Operating Parameters for DIAL Large Scale Aerosol Generator

Atomizing Nozzle

Air - 30 l/min @ 60 psig
Liquid – 10 ml/min (30% KCl solution)
130 l/min @ 300oF

Sheath Air
Surface Temperature

Aerosol Generator Tank – 200oF
Outlet tubing – 200oF
Cyclone – 200oF

The cyclone, designed by Olin Perry Norton of DIAL, was used to separate
the largest particles out of the aerosol stream. The cut point of a cyclone is
determined by calibration or calculated by a force balance. The cyclone was
constructed onsite by the DIAL machine shop. It was designed to achieve a d50 of 3
micrometers. Insulation was used to ensure the cyclone wall temperature was higher
than the temperature of the air stream. The following equation is a force balance for a
cyclone (University of Minnesota 2001):
Drag force = Centrifugal force
3πµD pV R =

M PVT2
R

Where,
µ = gas viscosity
Dp = particle diameter

(4.1)
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VR = particle radial velocity
VT = gas velocity
R = effective cyclone radius
MP = particle mass
= π / 6 ρP Dp3
ρP = particle density
The desired particle diameter is specified for DP. This is the particle diameter that
will be the cut point. The equation is then solved for VR.
To calculate the cyclone laminar flow efficiency (η1), equation (4.2) is used
(University of Minnesota 2001):

η1 =

VR t
W

(4.2)

η1 = laminar flow efficiency
VR = particle radial velocity
t = time within the centrifugal force field
VRt = radial distance traveled
W = distance to cyclone wall
The equation for calculating the turbulent flow efficiency is:
ηT = exp (-η1)

(4.3)

All thermocouples used in the DIAL aerosol generation system were type
“K.” The measurement locations of the thermocouples were: 1. Temperature of the
slug heaters (T1), 2. Temperature of the air stream as it exits the air heater (T2), 3.
Surface temperature of the stainless steel tank (T3), 4. Temperature of the air as it
exits the copper ring (T4), 5. Temperature of the aerosol at the aerosol generator exit
(T5), 6. Surface temperature of the outlet tube (T6), and 7. Temperature at the
entrance to the cyclone (T7). These thermocouples were all purchased from Omega
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Engineering. The location of each thermocouple is illustrated in Figure 4.3.

Figure 4.4 Thermocouple Locations
The aerosol generation system was designed to challenge a HEPA filter with
30 mg/m3 of particulate matter. The particle size distribution of interest is the range
of 0.1 microns to 10 microns. The particle size distribution range was narrowed by
the addition of the cyclone to the aerosol generation system. The cyclone “filtered”
the larger particles out of the aerosol stream. The aerosol generator was designed to
produce inorganic particulate matter aerosols.
Certain performance requirements were set for the design of the DIAL large
scale aerosol generation system. Water output from the aerosol generator must be
kept to a minimum. Water output from the aerosol generator was minimized by using
a concentrated solution, as well as by supplying heated dry air for the nozzle and air
sheath in the aerosol generator.
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The ability to “tune” the aerosol generator was a very important requirement.
It was necessary over the course of the development of the aerosol generator to
determine the range of operating parameters. Parameters such as the air flow into the
nozzle, the liquid flow into the nozzle, the flow rate of the air sheath, the temperature
of the air sheath, the temperature of the walls of the aerosol generator, and the
temperature of the tubing walls. Much work was done to determine these optimum
operating conditions. The optimum operating conditions were determined to be 28
liters per minute air supplied to the nozzle, 10 milliliters per minute liquid solution
supplied to the nozzle, 130 liters per minute air sheath flow rate at a temperature of
approximately 200 oF, wall temperature of 200 oF for the aerosol generator, and
200 oF wall temperature for the tubing leading to the test stand.
The amount of particulate matter lost in the aerosol generator was calculated
by adding the amount of particulate matter captured in the cyclone to the amount of
particulate matter entering the nozzle and then subtracting the measurement taken at
the face of the HEPA filter. Taking the amount of particulate matter lost in the
aerosol generator and dividing it by the amount of particulate matter entering the
nozzle and multiplying this value by 100 calculated the efficiency of the aerosol
generator. The efficiency of the aerosol generator was averaged over three runs and
determined to be approximately 32%. This calculation was dependent upon the mass
output from the aerosol generator to be fairly constant.
It was also very important that the aerosol generation system be capable of
continuous operation due to the length of some of the tests. Certain sets of tests
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require the aerosol generation system to run continuously for 10 to 12 hours at a time.
Therefore, a very durable and reliable system was necessary. This was achieved with
the stainless steel materials of construction and continuous operation pumps.

CHAPTER V
PROCEDURES
Experimental Procedure
1. Assemble all components of the particle generation system.
2. Make sure to insulate all uncovered sections.
3. Turn on the mass flow controllers.
4. Open the compressed air lines and turn on the air dryer.
5. Make sure the mass flow controllers show the correct flow rates:
• ~26 liters per minute (atomizing nozzle)
• ~130 liters per minute (air sheath in spray tower).
6. Turn on the heaters.
7. Turn on the hood above the particle generator spray tower to remove any
particulate that may escape the particle generator.
8. Wait for the system to heat for approximately one hour to reach the proper
temperatures.
9. Turn on the HEPA test stand and set the flow rate to 250 scfm (standard cubic
feet per minute).
10. Set the relative humidity to the proper level for the test being conducted.
11. Record the ambient relative humidity and temperature and the atmospheric
pressure.
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12. The particle generator system is ready for testing when the temperature of the
particle generator has reached the following levels:
• T1 = ~650 oF (temperature inside heater box)
• T2 = ~450 oF (temperature of air exiting heater box and entering air
sheath)
• T3 = ~180 oF – 200 oF (temperature of spray tower surface)
• T4 = ~160 oF (temperature exiting air sheath in spray tower)
• T5 = ~150 oF (air temperature just before exiting spray tower)
• T6 = ~230 oF (tube temperature on exit of spray tower)
13. The solution to be aerosolized should be stirred if necessary.
14. The pump to be used for the test should be prepared for use.
15. The liquid line should be connected to the nozzle followed by the compressed
air line.
16. The nozzle should then be fixed to the top of the spray tower to begin the
testing.
Aerosol Generator System Cleaning Procedure
1. Disconnect the liquid line and the compressed air line from the nozzle.
2. Turn off all heaters.
3. Remove insulation. When the components have cooled, begin disassembling
the particle generator system and open valve on bottom of stainless steel tank.
4. Persons involved in the cleanup should wear gloves.
5. The particulate catch in the cyclone should be carefully placed in a plastic
bag.
6. Each piece should be rinsed with water thoroughly and allow to air dry
overnight.
7. The atomizing nozzle should be thoroughly cleaned as well.
8. The pump used for the test should also be cleaned in preparation for the next
test.
9. Any spills in the area should also be cleaned.
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Solution Preparation Procedure
1. Prepare 1 liter of solution by first measuring 1 liter of de-ionized water in a
1000 milliliter graduated cylinder.
2. Place appropriate sized container on scale and zero the scale.
3. Pour de-ionized water into the container until the scale reads 1000 grams.
4. Add the appropriate amount of challenge agent
a. Potassium chloride
b. Sodium chloride
c. Sugar
d. Iron (II) Sulfate or FeSO4
Table 5.1
0% Solution
3% Solution
0.3% Solution

Amount of Challenge Agent Used for Different Solution
Concentrations
Add 300 grams of challenge agent to 1000 grams of de-ionized
water
Add 30 grams of challenge agent to 1000 grams of de-ionized
water
Add 3 grams of challenge agent to 1000 grams of de-ionized
water

5. Each solution mixture should be heated and stirred to ensure complete
dissolution.
6. The FeSO4 solutions must be stirred constantly during use for experiments to
prevent solids from falling out of solution since FeSO4 will not completely
dissolve in water.
7. Each solution will be stored in a sealed glass jar with a label indicating the
contents and date mixed.

CHAPTER VI
EXPERIMENTAL RESULTS AND DISCUSSION
A very large amount of data were collected during the course of the DIAL
HEPA Filter Monitoring Project. A significant portion of the data were collected to
allow characterization of the aerosol generator. The data related to the
characterization of the aerosol generator are presented in this chapter. Also included
in this chapter is a brief description of the instrumentation utilized for measuring the
statistical data related to the characterization of the aerosol generator.
Instrumentation
Instrumentation used to gather aerosol statistical data for the DIAL HEPA
Filter Monitoring project included a TSI Model 3321 Aerodynamic Particle Sizer
spectrometer (APS), two Dekati Electrical Low Pressure Impactors (ELPI), two TSI
Model 3034 Scanning Mobility Particle Sizers (SMPS), and aerosol diluters for the
instruments.
The aerodynamic particle sizer (APS), shown in Figure 6.1, was the APS
Model 3321 manufactured by TSI Incorporated, located in Shoreview, Minnesota.
The APS measures the aerodynamic diameter of particles in real time. Aerodynamic
diameter refers to the diameter of a sphere of unit density that settles in air, which has
a velocity equivalent to that of the measured particle. Some particle sizing
46
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applications of the APS Model 3321 include biohazard detection, atmospheric
studies, filter and air-cleaner testing, ambient air monitoring, spray technology, and
indoor air quality monitoring. The APS Model 3321 is capable of aerodynamically
sizing particles in the range of 0.5 micrometers to 20 micrometers.
The aerosol sample flows through an accelerating orifice or nozzle. It then
moves into the detection area where it crosses two partially overlapping laser beams.
The particles scatter light as they move through the laser beams. The use of the two
partially overlapping laser beams allows each particle to generate a two-peak signal.
The time of flight for aerodynamic sizing is determined by measuring the signal peak
to peak with 4-nanosecond resolution. It is possible to use the APS Model 3321 with
or without a computer. When used without a computer, the data cannot be saved.
The APS Model 3321 uses the Aerosol Instrument Manager software provided by TSI
to log data, which are then exported to a spreadsheet for analysis (TSI a).

Figure 6.1 Aerodynamic Particle Sizer (APS)
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The electrical low pressure impactor (ELPI), shown in Figure 6.2, was
manufactured by Dekati Ltd. located in Tampere, Finland. The ELPI performs real
time measurements in the range of 30 nanometers to 10 micrometers at a sample flow
rate of 30 liters per minute. The sample is pulled into the instrument by a vacuum
pump where it first enters a set of aerosol diluters where aerosol is diluted by a factor
of approximately 80. The sample is then pulled into the ELPI instrument where it
comes into contact with a corona discharge unit, which charges the particles. The
charged particles then go into the low-pressure impactor, which operates at 100
millibar pressure. The low-pressure impactors consist of 13 electrically isolated
stainless steel collection stages. These stages collect the charged particles, depending
on the aerodynamic diameter of the particles. The electric current on the charged
particles deposited on each stage is measured by an electrometer located inside the
ELPI instrument. The data generated by the ELPI are logged by a computer using the
ELPIVI software, which is included with the instrument. The ELPIVI software
monitors the impactor pressure, particle size distribution, particle number
concentration, as well as a variety of other parameters (Dekati).

49

Figure 6.2 Electrical Low Pressure Impactor (ELPI)
In order for the ELPI to be able to sample from a high particle concentration
environment, aerosol diluters, shown in Figure 6.3, must be added to the instrument
setup. The diluters were manufactured by Dekati Limited. Two diluters were used in
series to dilute the aerosol sample stream before it entered the ELPI in order to
prevent overloading the impactor stages in the instrument. As the impactor stages in
the ELPI load with particulate, they become electrically isolated and this has an effect
on the particle size distribution measured by the ELPI (Dekati).
The aerosol sample stream is drawn into the diluter by the vacuum pump
attached to the ELPI. The aerosol enters the bottom of the diluter where it mixes with
compressed air entering the side of the diluter. The diluted aerosol sample stream
then exits through the top of the diluter and enters the second diluter. The second
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outlet on the diluter is located on the opposite side from where the compressed air
enters. The exhaust stream exits the diluter through this second outlet. When the
aerosol sample stream enters the second diluter, it is diluted by another stream of
compressed air and exits through the top of the diluter and enters the ELPI
instrument.

Figure 6.3 Dekati Aerosol Diluters
The scanning mobility particle sizer (SMPS) used for data collection was the
Model 3034 manufactured by TSI, Incorporated. The size range of particles
measured by the SMPS Model 3034 is between 10 nanometers and 500 nanometers.
The Model 3034, shown in Figure 6.4, contains an electrostatic classifier and
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condensation particle counter. The data collected by the SMPS Model 3034 are
monitored and stored by the Aerosol Instrument Manager software by TSI (TSI b).

Figure 6.4 Scanning Mobility Particle Sizer (SMPS)
The aerosol sample stream enters the SMPS through a single stage inertial
impactor, which removes the larger particles outside the measurement range of the
instrument. Aerosol then passes through a neutralizer, which allows the charge
distribution of the aerosol to come to a Fuchs’ equilibrium charge distribution, a net
charge of zero for the aerosol. The particles then enter the differential mobility
analyzer (DMA), where they are separated according to electrical mobility. The
DMA unit is a tube in tube cylinder arrangement, where the inner cylinder is
negatively charged. The negatively charged particles are repelled and deposited on
the outer cylinder. The particles with a positive charge are attracted to the inner
cylinder. Only the particles with neutral charge are able to exit the DMA. The
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el e ctri c m o bilit y of p arti cl es is i n v ers el y r el at e d t o t h e si z e of t h e p arti cl es. T h e
a er os ol n e xt e nt ers t h e c o n d e ns ati o n p arti cl e c o u nt er ( C P S) w h er e t h e c o n c e ntr ati o n is
m e as ur e d f or e a c h p arti cl e si z e. T h e S M P S M o d el 3 0 3 4 pr o vi d es a n a c c ur at e
m e as ur e of t h e p arti cl e si z e distri b uti o n of t h e s a m pl e a er os ol str e a m ( T SI b).
A er os ol St atisti cs E q u ati o ns
T h e f oll o wi n g e q u ati o ns w er e us e d f or t h e d et er mi n ati o n of t h e st atisti c al
p ar a m et ers us e d t o e v al u at e t h e a er os ol s pr o d u c e d f or t h e DI A L H E P A Filt er
M o nit ori n g Pr oj e ct.
E q u ati o n 6. 1 is us e d t o c a l c ul at e t h e g e o m etri c m e a n, µ g , of t h e a er os ol
p arti cl e si z e distri b uti o n.

µ g = e x p  ∑



W h er e:

n i l n( d i ) 


N


( 6. 1)

µ g = g e o m etri c m e a n of t h e p arti cl e si z e distri b uti o n, mi cr o m et ers
n i = n u m b er of p arti cl es of e a c h di a m eter i n t h e p arti cl e si z e distri b uti o n
d i = di a m et er of p arti cl es i n t h e p arti cl e si z e distri b uti o n, mi cr o m et ers
N = t ot al n u m b er of p arti cl es i n t h e p arti cl e si z e distri b uti o n
E q u ati o n 6. 2 is us e d t o c al c ul at e t h e g e o m etri c st a n d ar d d e vi ati o n, σ g , of t h e

a er os ol p arti cl e si z e distri b uti o n.

σ

g
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( 6. 2)
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Equation 6.3 gives the definition of the mean, µ, of a particle size distribution.

µ=∑

ParticleDiameters

(6.3)

∑ # Particles

The mode of a particle size distribution is defined as the diameter in the
particle size distribution with the greatest number of particles.
The particle size distribution median is defined as the diameter at which
one-half of the particles are larger and half of the particles are smaller (Hinds 81100).
Experimental Data
Experiments were performed to determine how the particle size distribution of
an aerosol changed with a change in solution concentration. Table 6.1 shows the
different challenge agents and concentrations used in this series of experiments.
Table 6.1

Experimental Matrix

Challenge Agent
NaCl
NaCl
NaCl
KCl
KCl
KCl
FeSO4
FeSO4
FeSO4
Sugar
Sugar
Sugar

Concentration
0.3%
3%
30%
0.3%
3%
30%
0.3%
3%
30%
0.3%
3%
30%

Repetitions
3
3
3
3
3
3
3
3
3
3
3
3

54
The results from these experiments showed that as the concentration of the challenge
agent solution increases, the particle size distribution increases as expected. Figures
6.5 to 6.15 show the particle size distributions for each challenge agent. There are
three plots for each challenge agent.

Particle Size Distribution for 0.3% NaCl Solutions
2.50%

Percent of Total

2.00%
Test 1
Test 2

1.50%

Test 3
1.00%

0.50%

0.00%
0.0

100.0

200.0

300.0

400.0

500.0

Particle Diameter (nm)

Figure 6.5 Particle Size Distribution for 0.3% NaCl
Table 6.2

Statistical Data for 0.3% NaCl Particle Size Distributions (PSD)

Statistical Parameter
N
(total # particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

62506

57350

82995

117
2.04
122

105
2.13
106

105
2.13
102

600.0
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Particle Size Distribution for 3% NaCl Solutions
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Figure 6.6 Particle Size Distribution for 3% NaCl
Table 6.3

Statistical Data for 3% NaCl Particle Size Distributions (PSD)

Statistical Parameter
N
(total # particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

77630

98018

87682

146
2.02
141

134
2.08
151

125
2.10
131

600.0
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Particle Size Distribution for 30% NaCl Solutions
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Figure 6.7 Particle Size Distribution for 30% NaCl
Table 6.4

Statistical Data for 30% NaCl Particle Size Distribution (PSD)

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

71377

103554

102966

176
2.06
225

161
2.14
188

158
2.11
188

It can be seen from Figures 6.5 to 6.7 and Tables 6.2 to 6.4 that as the
concentration of sodium chloride was increased from 0.3% to 30%, the geometric
mean (µg), total number of particles (N), and the mode each increased. This increase
in each parameter was expected and verified by running each experiment in triplicate.
It should also be noted that the geometric standard deviation (σg) remained very near
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2 for each of the experimental tests, which shows that the data from each test was
consistent.

Particle Size Distribution for 0.3% KCl Solutions
2.50%

Percent of Total

2.00%

1.50%

Test 1
Test 2
Test 3

1.00%

0.50%

0.00%
0.0

100.0

200.0

300.0

400.0

500.0

600.0

Particle Diameter (nm)

Figure 6.8 Particle Size Distributions for 0.3% KCl
Table 6.5

Statistical Data for 0.3% KCl Particle Size Distributions (PSD)

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

101848

77865

67460

139
2.13
146

101
2.17
91

107
2.10
109

700.0
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Particle Size Distribution for 3% KCl Solutions
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Figure 6.9 Particle Size Distribution for 3% KCl
Table 6.6

Statistical Data for 3% KCl Particle Size Distributions (PSD)

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

102958

104866

98063

132
2.17
146

132
2.16
136

131
2.14
141
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Particle Size Distribution for 30% KCl Solutions
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Figure 6.10 Particle Size Distribution for 30% KCl
Table 6.7

Statistical Data for 30% KCl Particle Size Distributions (PSD)

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

93708

109837

108043

148
2.09
168

170
2.10
181

165
2.16
188

The data from Figures 6.8 to 6.10 and Tables 6.5 to 6.7 show that as the
concentration of potassium chloride (KCl) was increased from 0.3% to 30%, the total
number of particles (N), the geometric mean (µg), and the mode of the particle size
distributions all increased. It should also be note that the geometric standard
deviation (σg) remains very close to 2.0 for each of the experimental tests, which
indicates that the data was consistent.
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Particle Size Distribution for 0.3% FeSO4 Solutions
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Figure 6.11 Particle Size Distributions for 0.3% FeSO4
Table 6.8

Statistical Data for 0.3% FeSO4 Particle Size Distributions (PSD)

Statistical Parameter
N
(Total # of particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

57589

61728

65361

100
2.05
102

101
2.05
98

105
2.07
109

700.0
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Particle Size Distribution for 3% FeSO4 Solutions
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Figure 6.12 Particle Size Distribution for 3% FeSO4
Table 6.9

Statistical Data for 3% FeSO4 Particle Size Distributions (PSD)

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

83797

74919

84556

122
2.05
122

120
2.05
126

147
2.10
168

700.0
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Particle Size Distribution for 30% FeSO4 Solutions
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Figure 6.13 Particle Size Distribution for 30% FeSO4
Table 6.10

Statistical Data for 30% FeSO4 Particle Size Distributions (PSD)

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

93708

96041

88916

148
2.09
168

149
2.08
175

147
2.10
168

700.0
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The data from Figures 6.11 to 6.13 and Tables 6.8 to 6.10 show that as the
concentration of ferrous sulfate (FeSO4) was increased from 0.3% to 30%, the total
number of particles (N), the geometric mean (µg), and the mode of the particle size
distributions all increased. It should also be noted that the geometric standard
deviation (σg) remained very close to 2.0 for each of the experimental tests, which
indicates that the data was consistent.

Particle Size Distribution for 0.3% Sugar Solutions
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Figure 6.14 Particle Size Distribution for 0.3% Sugar
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Table 6.11

Statistical Data for 0.3% Sugar Particle Size Distributions (PSD)

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

56461

49830

65254

123
2.02
131

123
2.06
202

126
2.07
126

Particle Size Distribution for 3% Sugar Solutions
2.50%

2.00%

Test 1

Percent of Total

Test 2
Test 3

1.50%

1.00%

0.50%

0.00%
0.0

100.0

200.0

300.0

400.0

500.0

Particle Diameter (nm)

Figure 6.15 Particle Size Distribution for 3% Sugar
Table 6.12

Statistical Data for 3% Sugar Particle Size Distributions (PSD)

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

53157

48865

50187

180
2.01
209

185
2.06
202

185
2.10
217

600.0
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Particle Size Distribution for 30% Sugar Solutions
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Figure 6.16 Particle Size Distribution for 30% Sugar
Table 6.13

Statistical Data for 30% Sugar Particle Size Distributions (PSD)

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)

Test 1

Test 2

Test 3

43699

107805

58517

198
2.02
233

167
2.06
151

199
2.14
225

600.0
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The data from Figures 6.14 to 6.16 and Tables 6.11 to 6.13 show that as the
concentration of sugar was increased from 0.3% to 30%, the total number of particles
(N), the geometric mean (µg), and the mode of the particle size distributions all
increased. It should also be noted that the geometric standard deviation (σg) remained
very close to 2.0 for each of the experimental tests, which indicates that the data was
consistent.
Varying Operating Parameters of the Aerosol Generator
The parameters entering the aerosol generator were the liquid flow to the
nozzle, the air flow to the nozzle, the air flow in the sheath inside the aerosol
generator, the temperature of air in the air sheath, and the wall temperature of the
aerosol generator.
The operating parameters of the aerosol generator that were varied include the
liquid flow to the atomizing nozzle, air flow to the atomizing nozzle, and sheath air
flow. The purpose of varying these operating parameters was to determine if there
would be any effect on the particle size distribution of the aerosol generated. The
amount that the operating parameters were varied was limited by the capacity of the
aerosol generator system. The test matrix for this set of experiments is shown in
Table 6.14.
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Table 6.14

Aerosol Generator Operating Parameters Varied
Nozzle Liquid
(rpm)
60
120
180
60
60
60
60
60
60
60

Nozzle Air
(liters/min)
28
28
28
18
22
26
28
28
28
28

Sheath Air
(liters/min)
130
130
130
130
130
130
130
120
130
140

It was determined that the only varied parameter having any effect on the
particle size distribution was the air flow to the atomizing nozzle. The particle size
distributions produced by varying the air flow to the atomizing nozzle were not
significantly affected. The only parameter with a measurable change was the total
number of particles produced. The statistical data from this experiment are shown in
Table 6.15 and Table 6.16.
Table 6.15

Statistical Data Obtained from Varying Air Flow to Nozzle for Test 1

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)

Nozzle Air Flow (liters/min)
18
22
26
64213 84743
91761
161
2.08
188

162
2.06
202

160
2.05
175

28
99518
162
2.04
181

Table 6.16
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Statistical Data Obtained from Varying Air Flow to Nozzle for Test 2

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)

Nozzle Air Flow (liters/min)
18
22
26
51178 57260
64021
163
2.05
175

163
2.05
195

162
2.03
181

28
87401
159
2.03
181

An important requirement for the aerosol generator was that it was necessary
to produce a mass loading rate of approximately 30 mg/m3 at the face of the test
HEPA filter. The ELPI was used to monitor the mass loading rate of aerosol in the
test stand. The following table, Table 6.17, shows the mass loading rate for three
tests with 30% potassium chloride. The average for these three tests was
approximately 33 mg/m3.
Table 6.17
Test 1
Test 2
Test 3

Mass Loading Rate Data Measured by ELPI
29.8 mg/m3
35.7 mg/m3
33.4 mg/m3

CHAPTER VII
CONCLUSIONS
Much information has been gleaned from the experiments performed for this
project. Experiments were performed to determine the effect of chemical matrix,
varying operating parameters, and concentration of challenge agent on the aerosol
particle size distribution produced by the aerosol generator.
Table 7.1

Geometric Mean Data for NaCl and KCl

Challenge
NaCl NaCl NaCl KCl KCl KCl
Agent
Solution
0.3% 3%
30% 0.3% 3% 30%
117
146
176
101 132 148
Geometric
Mean (µg),nm
Table 7.2

Geometric Mean Data for FeSO4 and Sugar

Challenge FeSO4 FeSO4 FeSO4 Sugar Sugar Sugar
Agent
Solution
0.3% 3%
30%
0.3% 3%
30%
122
148
123
180
198
Geometric 100
Mean
(µg), nm
It was determined that as the concentration of the challenge agent solution was
increased, the geometric mean diameter (µg) of the particle size distribution increased
also, as shown in Table 7.1 and Table 7.2. Experiments were performed with
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potassium chloride, sodium chloride, ferrous sulfate, and sugar. Particle size
dependency data were also collected by varying the following operating parameters:
air flow to the atomizing nozzle, air flow to the air sheath, and the liquid flow to the
atomizing nozzle, as shown in Table 7.3, Table 7.4, and Table 7.5.
Table 7.3

Statistical Data Obtained from Varying Air Flow to Atomizing Nozzle

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)
Table 7.4

161
2.08
188

162
2.06
202

160
2.05
175

28
99518
162
2.04
181

Statistical Data Obtained from Varying Air Flow to Sheath

Statistical Parameter
N
(Total # particles in PSD)
µg (nm)
σg
Mode (nm)
Table 7.5

Nozzle Air Flow (liters/min)
18
22
26
64213 84743
91761

Sheath Air Flow (liters/min)
120
130
140
84636 86484
87792
163
2.05
195

166
2.03
209

168
2.04
188

Statistical Data Obtained from Varying Liquid Flow to Atomizing
Nozzle
Nozzle Liquid Flow (pump rpm)
60
120
180
Statistical Parameter
N
106704
111983
106454
(Total # particles in PSD)
161
160
162
µg (nm)
2.09
2.06
2.06
σg
Mode (nm)
188
168
188
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The most sensitive operating parameter was the air flow to the atomizing
nozzle, as shown in Table 7.3. The effect observed from increasing air flow to the
atomizing nozzle was a corresponding increase in the total number of particles
produced. There was no appreciable effect on the shape of the particle size
distribution as can be seen in Table 7.4 and Table 7.5.
The mean of the particle size distributions produced with potassium chloride,
sodium chloride, and ferrous sulfate was typically close to 150 nanometers. The
mean of the particle size distribution produced with sugar was approximately 200
nanometers. This is due to the sugar being much more water soluble than potassium
chloride, sodium chloride, and ferrous sulfate.
The aerosol generator was shown to produce a particle size distribution that
was very stable over many runs as shown in Figure 7.1.

Figure 7.1 Particle Size Distribution Stability
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Figure 7.1 shows data collected by the SMPS. The red lines show the particle size
distributions collected at a low sample flow rate in the SMPS.
Table 7.6

SMPS Data With and Without Cyclone In-line

Statistic
Median, nm
Mean, nm
Geometric Mean (mg), nm
Mode, nm
σg
Total # particles (#/cm3)

Cyclone in line
171
201
158
168
2.12
1.35 x 105

Without Cyclone
161
192
148
188
2.18
1.96 x 105

The particle size distribution of the aerosols produced by the aerosol generator
with the cyclone in line and without the cyclone in line was measured using both the
APS and the SMPS. The data recorded by the SMPS, shown in Table 7.6, did not
show the expected shift in the particle size distribution. The aerosol produced with
the cyclone in line had a geometric mean of 158 nanometers. The aerosol produced
without the cyclone in line, shown in Table 7.7, had a geometric mean of 148
nanometers. The SMPS data shows an unexpected result with the cyclone perhaps
because the larger particles are neglected in the calculation of the particle size
distribution. The total number of particles measured by the SMPS did increase when
the cyclone was taken out of the aerosol generator system. The effect of the cyclone
is not easily observed with the SMPS data.

73
Table 7.7

APS Data With and Without Cyclone In-line

Statistic
Median, nm
Mean, nm
Geometric mean (µg), nm
Mode, nm
σg
Total # particles, #/cm3

With Cyclone Inline
84.7
91.9
88.1
77.7
1.32
41,300

Without Cyclone
95.4
114
104
83.5
1.51
75,400

The particle size distribution data recorded by the APS, shown in Table 7.7,
showed the expected shift in the particle size distribution when the cyclone is in line.
The geometric mean of the aerosol produced with the cyclone in line was 88
nanometers. The geometric mean of the aerosol produced without the cyclone in line
was measured to be 104 nanometers. The total number of particles measured by the
APS increased with the cyclone removed from the aerosol generator system. The
effect of the cyclone is more easily observed with the APS data.
The SMPS and APS both show an accurate snapshot of the particle size
distribution of the aerosol over each instrument’s measurement range. The two
instruments do not measure over the same range. This is the reason for the difference
in the data presented. It is necessary to use both the SMPS and the APS in order to
accurately describe the particle size distribution of an aerosol because the instruments
are accurate on opposite ends of the particle size distribution. Therefore, an accurate
description of the particle size distribution is achieved when both instruments are
used.
A variety of pumps are required to handle the different types of liquids
delivered to the atomizing nozzle. Choice of a pump is dependent on the volumetric
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flow rate of liquid needed, duty cycle, and nature of the liquid being fed (true solution
or slurry). A Havard syringe pump was the initial choice because of its ability to
provide a constant feed of small volumes (3 ml/min.) of liquids to the nozzle.
However, the syringe pump was shown not to be able to run for indefinite periods of
testing time.
The Harvard pump was replaced by a (who made it) gear pump capable of
delivering 10 to 150 ml/min liquid flow. This unit provided a significantly more
consistent liquid feed rate to the nozzle. It should be pointed out however, that this is
for true solutions such as KCl, sugar, etc. The use of slurries produced such as the
Fe(III) slurries and RIC surrogate caused excessive wearing of the pump gears that
resulted in failure after no more than a couple of hours of operation. Two different
types of gears were used (Viton And Kevlar) and both failed within an equivalent
period of time. Successful generation of aerosols from gritty or erosive slurries was
achieved by using a Masterflex peristaltic pump.
Air flows to the atomizing nozzle and serving as sheath air must be stable in
order to maintain a constant particle size distribution and mass generation rate for the
unit. Atomization air delivered to the nozzle was initially controlled by a manually
adjusted valve and monitored using a mass flow meter. This arrangement proved to
be unstable for both the air flow to the atomizing nozzle and the air sheath. The
solution to this problem was to add mass flow controllers to stabilize the air flow
rates.
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One final issue must be addressed if the objective is to challenge filters with a
dry aerosol. The initial series of tests conducted demonstrated variability in mass
loading rates and particle size distributions that appeared to stem from changes in
moisture content of the aerosols reaching the test stand filter. A multiple approach
was taken to correct this problem. The atomizing air supplied to the nozzle was dried
as was the air sheath. In addition to this, the sheath air was heated to a temperature of
200oF as delivered to the top of the generator. The walls of the generator were heated
using heating tape to a temperature of 180oF. The transfer line between the aerosol
generator and the cyclone/test stand was also heated and insulated. An additional
modification to the overall testing setup was to add an air dryer to provide up to 200
cfm –40oC dewpoint air to the intake of the HEPA test stand.
The use of abrasive slurries will erode the atomizing nozzle over time and
produce a significant change in particle size distribution of aerosols formed. This was
dealt with by purchasing multiple stainless steel nozzles.
The aerosol generator is capable of producing the required mass loading rate
for the HEPA Filter Monitoring Project and meeting the needs of the project. The
goal was 30 mg/m3. The mass loading rate produced by the aerosol generator varied
from approximately 25 mg/m3 to 35 mg/m3 over the course of the experiments. The
aerosol generator is capable of producing both water soluble and water insoluble
aerosols. The aerosol generator is capable of producing a dry aerosol to challenge
HEPA filters while introducing a minimal amount of air into the HEPA filter test
stand. The aerosol generator is capable of producing aerosols with a geometric mean
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of approximately 130 nanometers and a geometric standard deviation of
approximately 2.0. The aerosol generator is capable of generating reproducible
results.
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APPENDIX A
FILTER TESTING TECHNIQUES
High efficiency particulate air (HEPA) filters are required to undergo a variety
of tests to ensure proper operation. HEPA filters used in nuclear facilities are
required to undergo even more extensive testing. The types of testing that HEPA
filters are currently subject to include (Slawski, et al. 8-1 – 8-6):
•
•
•

Destructive testing of individual components for design qualification.
Non-destructive testing of individual components for quality assurance.
In-place testing of filters performed after filters are installed in a nuclear
facility’s confinement ventilation system for performance assurance.

HEPA filters intended for use in nuclear facilities are required to undergo the
following tests:
•
•
•
•

Design qualification testing of the filters by an approved laboratory.
Manufacturer quality control testing of the filters.
An acceptance test required by the Department of Energy (DOE).
In-place leak testing at the nuclear facility where the filter will be in
service.

Design qualification testing includes the following tests:
•

Test aerosol test
This test uses a portion of the Q107 Penetrometer’s test equipment. The
Q107 Penetrometer is used to produce the aerosol for filter testing in the standard,
MIL-STD-282. The High Flow Alternative Test System (HFATS) improved
upon and replaced MIL-STD-282 in the 1980’s. The HFATS is used by the Filter
Test Facility (FTF) in Oak Ridge, Tennessee, to test HEPA filters. The HFATS
uses the ductwork, filter holder fixture, and the Q107 blower. Laskin nozzles, in
combination with impactors, produce the poly-disperse aerosol. The HFATS
makes it possible to determine the penetration of particles at both the most
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penetrating particle size (0.2 micrometers) and the traditional 0.3 micrometers.
This test also makes it possible to test filters with dioxytl-phithalate (DOP) and
other liquids. The size of the aerosol isthen determined using laser aerosol
spectrometry, an upstream sample diluter, and a computer.
•

Airflow resistance test
The acceptance criteria for this test is that resistance to airflow, or pressure
drop across the filter, shall be no greater than 1.0 inch water column at the rated
airflow of the filter.
•

Penetration or efficiency test
The acceptance criteria for this test is that no more than 0.03% of the
upstream concentration of aerosol shall pass through the filter at its rated airflow
or at 20% of the rated airflow for a filter that has been properly encapsulated.
This test is performed using a monodisperse DOP aerosol.
•

Fire and hot air resistance test
This test involves placing a HEPA filter in a filter holder where it is subjected
to air heated to approximately 700oF for 5 minutes. The filter is then allowed to
cool and tested in-place with test aerosol. The acceptance criteria is that no more
than 3% of the test aerosol shall penetrate the filter at 40% of the rated flow for
the filter.
•

Moisture and overpressure resistance test
This test involves wetting a HEPA filter with a water spray until the
differential pressure across the filter reaches 10 inches water column at 95oF.
This test is performed for 1 hour. The filter is tested with aerosol at both the rated
flow and 20% of the rated flow while it is still wet. The filter is visually
examined after it is dried and must show no visual signs of failure in order to be
acceptable. The moisture and overpressure resistance test is the most rigorous test
that a HEPA filter must undergo.
•

Rough handling resistance test
The resistance to rough handling test uses an apparatus designed by the
Edgewood Arsenal for testing carbon filters by vibrating them to see if any
damage would occur during shipping. It was determined very quickly that
shipping HEPA filters by rail was too rough and resulted in high failure rates.
The filters are tested in their packaging and placed exactly as they would be
for shipping. The test involves shaking the filter for 15 minutes at an amplitude
of 0.75 inches and 200 Hertz frequency. In order to pass this test, the filter must
not show any visible signs of damage or loss of filtering efficiency when tested
with a 0.3 micrometer aerosol at both the rated air flow and 20% of the rated air
flow.
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•

Spot flame test
For the spot flame test, a HEPA filter is installed in a test duct where it is
operated at its rated flow. A gas flame produced by a Bunsen burner is placed no
more than 2 inches upstream of the intake of the HEPA filter. The filter is
subjected to the flame for five minutes each at three points on the filter. The
flame is then moved to the top corner of the filter where it touches the filter
frame, filter sealant, and filter pack where it is again applied for five minutes. In
order to meet acceptance criteria, the downstream face of the filter must not have
any sustained burning after the flame has been removed.
The manufacturer of the HEPA filter is required to have quality controls and
verification test measures in place to ensure HEPA filters meet the requirements
set by the Department of Energy. The tests HEPA filter manufacturers are
required to perform are given in the American Society of Mechanical Engineers
(ASME) publication ASME AG-1, section FC.
Section FC-I-4200 deals with qualification of the HEPA filter media. This
section states that a sample of the media 10 feet in length shall be provided for

testing. If there has been any change in the materials, whether the materials or
supplier of the materials since the last qualification, a new sample will be
required. This section also states that the filter media must go through the
qualification process every five years (ASME 363-376).
Section FC-I-4220 involves the test procedures for qualification of filter
media. The following are the tests required for this section:
•

Airflow resistance and DOP smoke penetration
Three 16 square inch samples of the filter media are required to undergo
airflow resistance and DOP smoke penetration testing. The filter media
samples are tested at a flow rate of 1.1 cfm (cubic feet per minute) with the
Q127 DOP filter testing penetrometer. This test is performed using a
monodisperse DOP aerosol.
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•

Tensile strength
• Tensile strength
Ten samples of the filter media that are 1 inch by 6 inches are tested with a
motorized tensile testing machine for the tensile strength and elongation.
•

Tensile strength after heating
Tensile strength is tested on four 6 inches by 6 inches filter media samples
that have been placed in a forced draft oven heated to 700oF. The samples
stay in the oven for five minutes. They are then tested for tensile strength.

•

Tensile strength after wetting
Three 1 inch by 6 inch samples of the filter media are placed in 10 inch
deep water for 15 minutes and then tested for tensile strength.
Tensile strength after gamma irradiation
Six samples of the filter media are exposed to gamma radiation. Each
sample is then prepared and tested for tensile strength.

•

•

Water repellency
The water repellency of the filter media samples is tested by the Q101 Water
Repellency Indicator. The top and bottom surface on each filter media sample
will be identified and then the water repellency is measured. This test is
performed both before and after exposure of the filter media to gamma
radiation.
HEPA filters are also required to undergo acceptance testing at the

Department of Energy’s filter test facility (FTF). The fluctuation in rejection rates at
the DOE FTF shows that manufacturer testing alone is not adequate to ensure reliable
HEPA filter manufacturing; thus the need for the DOE FTF. This testing includes
visual inspection as well as penetration and resistance testing. The visual inspection
involves looking for any signs of damage to the filter frame, pack, and the filter
gasket. The penetration testing is performed at the filter’s rate flow and at 20% of the
rated flow (Slawski, et al. 8-7 – 8-8).
HEPA filters must also undergo a leak test after installation at a nuclear
facility. This test involves introducing an aerosol upstream of the HEPA filter, or

84
bank of HEPA filters, and measuring the upstream and downstream concentration of
the aerosol using a light scattering photometer. The aerosol is typically a DOP
polydisperse aerosol produced by a compressed air aerosol generator using a Laskin
nozzle. If the downstream concentration exceeds 0.03% penetration, the downstream
sides of the HEPA filters may be scanned to determine where the leak is located. The
leaking filter is then replaced (Slawski, et al. 8-15 – 8-16).
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APPENDIX B
COMBUSTION AEROSOLS
Combustion aerosols are produced by diesel and gasoline internal combustion
engines as well as stationary combustion sources burning substances such as waste,
biomass, coal, and fuel oil. Particulate matter generated by combustion has a unique
composition (Lighty, et al. 1565).
There are four possible destinations for volatilized components from a
combustion process to take. The volatilized components may be classified into the
following categories (Pagels 1053):
•
•
•
•

Fine particulate produced by nucleation or condensation.
Coarse particulate produced by condensation, coagulation of fine
particles, chemical reactions, or particles that had been deposited on
the wall of a flue gas channel that have become airborne again.
Particulate deposited on the walls of a flue gas channel from either
the particle or gas phase.
Continued presence in the gas phase.

Combustion aerosols range in size from millimeter size cinders to nanometer
size ultrafine primary particles. Primary particles refer to particles that are emitted to
the troposphere. The larger particles typically fall out as bottom ash or wall deposits
in the combustion zone, or they can be removed in the gas cleanup system
downstream of the combustion zone. Smaller particles travel with the combustion
exhaust gas and must be removed to prevent pollution of ambient air.
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Combustion aerosol particles are produced by boilers, furnaces, internal
combustion engines, open fires, and emissions from industrial processes. These
particles are made up of organic species, inorganic species, or a combination of the
two.
Combustion aerosols typically have multi-modal particle size distributions.
The larger particles result from inorganic material remaining in the phase with the
fuel. These particles are referred to as residual ash particulate matter (PM) or
elemental carbon. Gas to particle conversions produce the smaller particles or
nanoparticles. The emissions produced are a function of the fuel composition, gas
cleanup technology, and combustion conditions.
The four types of particles produced by combustion systems are as follows:
•
•
•
•

Inorganic particles produced at high temperatures
Soot produced at high temperatures
Condensable organic particles produced at exhaust gas temperatures
H2SO4 produced at exhaust gas temperatures

Combustion particles are formed by either nucleation or chemical reaction.
Inorganic particles, condensable organics, and H2SO4 are formed by nucleation.
Nucleation refers to the conversion of a vapor or liquid into clusters of a vapor
monomer. For combustion systems, the nuclei formed are thought to contain clusters
of a small number of atoms that are in the range of tenths of nanometers size. The
classical theory of nucleation predicts that the size of these clusters will be smaller
than a molecule. The final size and number of the inorganic aerosols produced by a
combustor will be impacted minimally by the early steps of nucleation. This is

88
because the residence time in the combustor is very large compared to the time
required for nucleation and particle growth.
Soot is produced by a series of chemical reactions occurring due to incomplete
combustion of materials containing carbon. Some of these chemical reactions are
irreversible, resulting in increasing molecular weight clusters that develop into
particles, which are then measurable. Soot particle origin is defined as the first
particles capable of being measured. There are three chemical kinetic components in
soot modeling. These are particle inception, surface oxidation, and surface growth.
Fuel rich combustion conditions promote soot formation. Instead of being
oxidized to carbon monoxide (CO), carbon dioxide (CO2), hydrogen (H2), or water
(H2O), hydrocarbon fragments can collide with each other and grow to form soot
particles in fuel rich conditions. Soot can be present when the ratio of carbon to
oxygen is greater than 1.0 at equilibrium. Soot has also been noticed in premixed
hydrocarbon flames at carbon to oxygen ratios ranging from 0.5 to 0.9.
Figure A.1 shows the reactions that lead to the formation of soot. As shown in
the figure a very important part of the soot formation process is the formation of an
aromatic ring, typically benzene. This is why fuels with a high content of aromatic
hydrocarbons form soot very easily. This aromatic ring will then grow forming
polycyclic aromatic hydrocarbons (PAH) with increasing molecular weight.
Polycyclic aromatic hydrocarbons are considered to be soot precursors.
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Combustion particulate is formed by either chemical reaction or nucleation
and then increases in size. Common mechanisms for combustion particulate growth
include collisions, condensation, and surface reaction (Lighty, et al. 1565-1578).
Condensation and surface reaction involve the distribution of vaporized
elements on the surface of residual and submicron ash particles. Condensation is the
primary mechanism for aerosol particle production and growth seen in nature. For
condensation to occur, small particles and a supersaturated vapor must both be
present. The small particles provide the nucleation sites for formation of particles.
For example, smog is formed by chemical reactions in the gas phase that result in low
vapor pressure products. There is the presence of both a supersaturated vapor and
small particulate matter for smog to occur (Hinds 1).
The Fuchs-Sutugin interpolation equation, equation (A.1), describes the mass
addition rate by mass-transfer limited deposition for a spherical particle:

dm
1 + Kn
MW
= 2πc∞ Dd p
dt
1 + 1.71Kn + 1.33Kn 2

(A.1)

Where: c∞ =condensing species concentration
D = condensing species diffusivity
dp = particle diameter
Kn = Knudsen number
MW = condensing species molecular weight
The Knudsen number is the ratio of the gas mean free path to the particle diameter.
When a chemical reaction governs the deposition rate, the mass transfer does
not influence mass flux to the particle surface. Equation A.2 describes this situation:
dm
= πd 2 MWksC
dt

(A.2)
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Where:
d = diameter of particle
MW = depositing species molecular weight
ks = surface reaction rate
C = concentration of depositing species in the gas
Smaller particles have a higher surface area per unit mass than larger particles.
As a result, they tend to have a large amount of compounds that will condense or
deposit onto the surface of particles. Trace elements in wastes and coal have a
tendency to deposit on the surface without altering the particle size distribution of the
aerosol appreciably. The mass concentration of the species depositing on the particle
surface is calculated by equation (A.3):
t

MassConcentration =

dm

∫ dt

dt

0

πd p ρ

(A.3)

6
Where: dp = diameter of ash particle
ρ = density of the ash particle
Equation (A.3) describes dividing the mass that is deposited on the particle surface by
the mass of the ash particle itself (Lighty, et al. 1571-1572).
Combustion particles can also grow by means of collisions. This type of
particle growth includes both coagulation and surface deposition (Lighty, et al. 1570).
Coagulation is defined as the process in which aerosol particles run into each other
and stick together forming larger particles as a result of relative motion between the
particles. When the motion between particles is Brownian motion, the type of
coagulation occurring is called thermal coagulation. This is the type of coagulation
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used to help describe combustion aerosols. The theory of coagulation describes how
particle number concentration and size of an aerosol change as a function of time.
Coagulation can be very significant for aerosols with charged particles, such as
combustion aerosols. Charged particles have a much greater tendency to form
“chainlike agglomerates” than uncharged particles (Hinds 260).
The change in particle diameter over time can be calculated using the
continuous coagulation equation, equation (A.4):
dn(v, t ) 1
= ∫ Kn(v − q, t )n(q,t )dq − n(v,t )∫ Kn(q,t )dq
dt
20
0
∞

∞

(A.4)

Where: n(v,t) = number of particles contained in volume, v, at time, t
K = collision coefficient
v = volume
t = time
The first term in the equation includes all possible combinations of collisions between
smaller particles (v-q) and q for the production of particles in volume, v. The second
term includes collisions with all other particles and accounts for the loss of particles
out of the size range. For a “simple monodisperse aerosol”, the continuous
coagulation equation is simplified to:
dn
= −Kn 2
dt

(A.5)

This simplification can be done because n(v-q) goes to zero and n(q,t) equals n for
monodisperse aerosols.
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Equation (A.5) is integrated to obtain an equation describing the decay of
aerosol number concentration over time. The resulting equation is (Ligthy, et al.
1570):

n(v,t ) =

no
1 + no Kt

(A.6)

A slightly different approach to looking at coagulation yields results identical
to those above. First, starting with Fick’s first law of diffusion:
J = −D

dN
dx

(A.7)

Where: J = particle flux
D = particle diffusion coefficient
dN/dx = particle concentration gradient at collision surface of selected particle
N = number concentration of particles
Next, the rate of collisions of the selected particle with other aerosol particles is
described as the product of the collision surface area and the particle flux. The
equation is:
dN
dn
2
= As J = −π (2d p ) D
dt
dx

(A.8)

Where: dn/dt = rate of collisions of selected particle with other aerosol particles
As = collision surface area
J = particle flux
dp = particle diameter
D = particle diffusion coefficient
dN/dx = particle concentration gradient at collision surface of selected particle
The term, dN/dx, is defined as:
dN
2N
, for dp > λp
=−
dx
dp

(A.9)
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The term, λp, is the mean free path of the particle. Equation (A.10) describes the rate
of collisions with the particle selected is obtained by combining equations (A.7) and
(A.8):
dn
= 8πd p DN
dt

(A.10)

To obtain the rate of collisions for the unit volume, equation (A.10), for the
rate of collisions for a selected particle, is multiplied by N/2. N is the number of
particles in the unit volume and the ½ is to avoid counting a collision twice.
dnc
= 4πd p DN 2
dt

(A.11)

Because there is a reduction in the number of particles in a volume due to the
particle collisions, the number concentration of the particles in the volume is reduced
by one for each collision. The rate of change for the number concentration of
particles has the same magnitude as the rate of particle collisions per unit volume, but
has an opposite sign. Therefore, the rate of change for the number concentration of
particles or the coagulation rate is:
dN
= −4πd p DN 2
dt

(A.12)

The coagulation rate is very great at high particle concentrations and slows as
the number of particles decreases. This occurs because the coagulation rate is
proportional to the square of the number concentration. Equation (A.12) is also
written as:
dN
= −K o N 2
dt

(A.13)
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Where, Ko = 4πdpD. The term Ko is called the coagulation coefficient. The value of
Ko increases as particle size decreases for small particle sizes (particles smaller than
0.1 micrometers) because of a slip correction factor and is not affected by particle
size for large particle sizes with insignificant slip correction. Ko is assumed to be
constant when for “simple monodisperse coagulation.” This leads to equation (A.14),
which is used to describe number concentration of particles as a function of time for
monodisperse coagulation (Hinds 260-265):
N (t) =

No
1 + N o Kt

Where, No = particle number concentration at time = 0
K = coagulation coefficient
N(t) = particle number concentration at time, t

(A.14)

APPENDIX C
SAMPLE CALCULATIONS
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APPPENDIX III
SAMPLE CALCULATIONS
Geometric Mean
Geo metric M ean

 ∑ n i ln (d i ) 

N



µ g = exp 
O utput from SM PS

n i * ln (d i)

Σ [n i* ln(d i)]

[Σ [n i *ln(d i)]]/N

µ g = exp{[Σ [n i* ln(d i)]]/N } (nanom eters)

15.1

1 31.20

2.714 694744

35 6.1677875

468073.79 27

4.99504838 2

148

15.7

1 31.00

2.753 660712

36 0.7209619

16.3

1 25.34

2.791 165108

349 .8 50831

16.8

1 13.95

2.821 378886

32 1.5101746

17.5

1 15.03

2.862 200881

32 9.2387384

18.1

1 15.00

2.895 911938

33 3.0396611

18.8

1 21.43

2.93 385687

35 6.2465043

19.5

1 15.99

2.970 414466

34 4.5472851

20.2

1 20.84

3.005 682604

36 3.1970677

20.9

1 16.41

3.039 749159

35 3.8426696

21.7

1 23.86

3.077 312261

38 1.1491265

22.5

1 37.11

3.113 515309

42 6.9065381

23.3

1 41.70

3.148 453361

44 6.1295443

24.1

1 51.70

3.18 221184

48 2.7389904

25.0

1 67.43

3.218 875825

53 8.9434609

25.9

1 66.67

3.254 242969

54 2.3853264

26.9

1 79.19

3.292 126287

58 9.9273025

27.9

1 89.99

3.328 626689

63 2.3944673

28.9

1 96.85

3.363 841595

66 2.1695269

30.0

2 15.79

3.401 197382

73 3.9328189

31.1

2 40.68

3.437 207819

82 7.2802393

32.2

2 48.80

3.471 966453

33.4

2 61.76

3.50 85559

91 8.3820496

34.6

2 84.88

3.543 853682

10 09.582251

35.9

2 87.04

3.580 737295

10 27.797646

Stokes D iam eter (d i)

ni

ln (d i)

86 3.8148375

37.2

3 11.15

3.616 308761

112 5.22315

38.5

3 47.00

3.650 658241

12 66.765997

40.0

3 62.38

3.688 879454

13 36.788679

41.4

3 73.87

3.723 280881

13 92.030469

42.9

4 18.50

3.758 871826

15 73.093122

44.5

4 47.60

3.795 489189

16 98.875384

46.1

4 61.28

3.83 081295

17 67.072801

47.8

4 92.16

3.867 025639

19 03.203846

49.6

5 15.01

3.903 990834

20 10.591977

51.4

5 41.72

3.939 638172

21 34.174487

53.3

5 86.47

3.975 936331

23 31.776922

55.2

6 34.01

4.010 962953

25 43.007468

57.3

6 51.10

4.048 300624

26 35.829914

59.4

7 17.92

4.084 294226

29 32.203863

61.5

7 55.30

4.119 037175

31 11.098892

63.8

7 93.47

4.15 575319

32 97.483769

66.1

8 35.67

4.191 168747

35 02.427281

68.5

8 75.72

4.226 833745

37 01.505095

71.0

9 08.25

4.262 679877

38 71.573031

73.7

9 59.49

4.300 002799

41 25.823446

76.4

9 94.56

4.335 982696

43 12.405357

79.1

1063.56

4.370 712875

46 48.534616

82.0

1147.39

4.406 719247

50 56.225597

85.1

1170.56

4.443 827036

520 1.78395

88.2

1227.37

4.479 606963

54 98.153117

91.4

1266.82

4.515 245478

57 20.003277

94.7

1321.39

4 .5 50714

601 3.24977

98.2

1402.54

4.587 006215

64 33.441349

102

1412.08

4.624 972813

653 0.82236

106

1470.27

4.663 439094

68 56.514597

109

1549.73

4.691 347882

72 70.313171

113

1569.32

4.727 387819

74 18.784252

118

1645.05

4.770 684624

78 48.033824

122

4.804 021045

80 22.282783

126

1710.50

4.836 281907

82 72.440857

131

1760.78

1669.91

4.875 197323

85 84.130442

136

1820.22

4.912 654886

89 42.132327

141

1818.43

4.94 875989

89 98.973447

146

1841.90

4.983 606622

91 79.295069
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Geometric Standard Deviation
Geometric Standard Deviation

 ∑ ni (ln (d i ) − ln (µ g )) 2

N


1

σ g = exp 
Output from SMPS
Stokes Diameter (di)

ni

15.1
15.7
16.3
16.8
17.5
18.1
18.8
19.5
20.2
20.9
21.7
22.5
23.3
24.1
25.0
25.9
26.9
27.9
28.9
30.0
31.1
32.2
33.4
34.6
35.9
37.2
38.5
40.0
41.4
42.9
44.5
46.1
47.8
49.6
51.4
53.3
55.2
57.3
59.4
61.5
63.8
66.1
68.5
71.0
73.7
76.4
79.1
82.0
85.1
88.2
91.4
94.7
98.2
102
106
109
113
118
122
126
131
136
141
146
151
157
163
168
175
181
188
195
202
209

131.20
131.00
125.34
113.95
115.03
115.00
121.43
115.99
120.84
116.41
123.86
137.11
141.70
151.70
167.43
166.67
179.19
189.99
196.85
215.79
240.68
248.80
261.76
284.88
287.04
311.15
347.00
362.38
373.87
418.50
447.60
461.28
492.16
515.01
541.72
586.47
634.01
651.10
717.92
755.30
793.47
835.67
875.72
908.25
959.49
994.56
1063.56
1147.39
1170.56
1227.37
1266.82
1321.39
1402.54
1412.08
1470.27
1549.73
1569.32
1645.05
1669.91
1710.50
1760.78
1820.22
1818.43
1841.90
1856.62
1890.19
1897.99
1898.37
1895.60
1891.75
1864.23
1880.31
1889.12
1831.57

ln (di)

ln (µ g)

2.714694744 4.995048382
2.753660712
2.791165108
2.821378886
2.862200881
2.895911938
2.93385687
2.970414466
3.005682604
3.039749159
3.077312261
3.113515309
3.148453361
3.18221184
3.218875825
3.254242969
3.292126287
3.328626689
3.363841595
3.401197382
3.437207819
3.471966453
3.5085559
3.543853682
3.580737295
3.616308761
3.650658241
3.688879454
3.723280881
3.758871826
3.795489189
3.83081295
3.867025639
3.903990834
3.939638172
3.975936331
4.010962953
4.048300624
4.084294226
4.119037175
4.15575319
4.191168747
4.226833745
4.262679877
4.300002799
4.335982696
4.370712875
4.406719247
4.443827036
4.479606963
4.515245478
4.550714
4.587006215
4.624972813
4.663439094
4.691347882
4.727387819
4.770684624
4.804021045
4.836281907
4.875197323
4.912654886
4.94875989
4.983606622
5.017279837
5.056245805
5.093750201
5.123963979
5.164785974
5.198497031
5.236441963
5.272999559
5.308267697
5.342334252

ln (di) - ln(µ g)

[ln (di) - ln(µ g)]2

[ni *(ln (di) - ln(µ g))2]

Σ[ni *(ln (di) - ln(µ g))]

{Σ[ni *(ln (di) - ln(µ g))]}/N

[{Σ[ni *(ln (di) - ln(µ g))]}/N]0.5

-2.280353638
-2.24138767
-2.203883274
-2.173669495
-2.132847501
-2.099136444
-2.061191512
-2.024633916
-1.989365777
-1.955299223
-1.917736121
-1.881533073
-1.846595021
-1.812836541
-1.776172557
-1.740805413
-1.702922095
-1.666421693
-1.631206787
-1.593851
-1.557840563
-1.523081929
-1.486492482
-1.4511947
-1.414311086
-1.378739621
-1.344390141
-1.306168928
-1.271767501
-1.236176556
-1.199559193
-1.164235432
-1.128022742
-1.091057548
-1.055410209
-1.019112051
-0.984085429
-0.946747758
-0.910754156
-0.876011207
-0.839295192
-0.803879635
-0.768214637
-0.732368505
-0.695045583
-0.659065686
-0.624335507
-0.588329135
-0.551221346
-0.515441419
-0.479802903
-0.444334382
-0.408042167
-0.370075569
-0.331609288
-0.3037005
-0.267660563
-0.224363757
-0.191027337
-0.158766475
-0.119851059
-0.082393496
-0.046288492
-0.01144176
0.022231455
0.061197423
0.098701819
0.128915598
0.169737592
0.203448649
0.241393581
0.277951177
0.313219315
0.34728587

5.200012715
5.023818685
4.857101486
4.724839076
4.549038462
4.406373809
4.248510449
4.099142495
3.957576197
3.823195051
3.677711831
3.540166704
3.409913173
3.286376326
3.154788952
3.030403487
2.899943663
2.776961259
2.660835581
2.540361011
2.426867219
2.319778564
2.209659899
2.105966057
2.000275849
1.900922941
1.80738485
1.706077268
1.617392577
1.528132478
1.438942257
1.355444141
1.272435307
1.190406573
1.11389071
1.038589372
0.968424131
0.896331318
0.829473132
0.767395635
0.704416419
0.646222468
0.590153728
0.536363627
0.483088362
0.434367578
0.389794825
0.346131171
0.303844973
0.265679856
0.230210826
0.197433043
0.16649841
0.136955926
0.10996472
0.092233994
0.071642177
0.050339096
0.036491444
0.025206794
0.014364276
0.006788688
0.002142624
0.000130914
0.000494238
0.003745125
0.009742049
0.016619231
0.02881085
0.041391353
0.058270861
0.077256857
0.09810634
0.120607476

682.2413562
658.1045734
608.799883
538.4189424
523.2755304
506.7478816
515.8796298
475.4718354
478.2208434
445.039861
455.5132964
485.4064174
483.1778768
498.5406595
528.2132548
505.0779552
519.6507647
527.585428
523.7833555
548.1758653
584.1076243
577.1539473
578.3895268
599.9530858
574.1495784
591.4767355
627.1563979
618.254081
604.6977975
639.5255812
644.0760222
625.2376468
626.2445602
613.0705751
603.4150933
609.1040016
613.9946506
583.5971978
595.4968438
579.6120813
558.9363951
540.0276956
516.806944
487.1515132
463.5199984
432.005661
414.5718997
397.1474439
355.6699866
326.088548
291.6356788
260.8852587
233.5200135
193.3924508
161.6778285
142.9376023
112.4295013
82.81053066
60.93742649
43.11611957
25.29227292
12.35693321
3.896212574
0.241130007
0.917612378
7.079012117
18.49033117
31.54945008
54.61378991
78.30192634
108.6301705
145.2666855
185.3350407
220.9015164

50723.20557

0.541292569

0.735725879
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T ot al N u m b er of P arti cl es
T ot al N u m b e r of P a rti cl e s

N = ∑ ni
O ut p ut f r o m S M P S
St o ke s Di a m et e r ( d i)

ni

1 5. 1
1 5. 7
1 6. 3
1 6. 8
1 7. 5
1 8. 1
1 8. 8
1 9. 5
2 0. 2
2 0. 9
2 1. 7
2 2. 5
2 3. 3
2 4. 1
2 5. 0
2 5. 9
2 6. 9
2 7. 9
2 8. 9
3 0. 0
3 1. 1
3 2. 2
3 3. 4
3 4. 6
3 5. 9
3 7. 2
3 8. 5
4 0. 0
4 1. 4
4 2. 9
4 4. 5
4 6. 1
4 7. 8
4 9. 6
5 1. 4
5 3. 3
5 5. 2
5 7. 3
5 9. 4
6 1. 5
6 3. 8
6 6. 1
6 8. 5
7 1. 0
7 3. 7
7 6. 4
7 9. 1
8 2. 0
8 5. 1
8 8. 2
9 1. 4
9 4. 7
9 8. 2
102
106
109
113
118
122
126
131
136
141
146
151
157
163
168
175
181
188
195
202
209

1 3 1. 2 0
1 3 1. 0 0
1 2 5. 3 4
1 1 3. 9 5
1 1 5. 0 3
1 1 5. 0 0
1 2 1. 4 3
1 1 5. 9 9
1 2 0. 8 4
1 1 6. 4 1
1 2 3. 8 6
1 3 7. 1 1
1 4 1. 7 0
1 5 1. 7 0
1 6 7. 4 3
1 6 6. 6 7
1 7 9. 1 9
1 8 9. 9 9
1 9 6. 8 5
2 1 5. 7 9
2 4 0. 6 8
2 4 8. 8 0
2 6 1. 7 6
2 8 4. 8 8
2 8 7. 0 4
3 1 1. 1 5
3 4 7. 0 0
3 6 2. 3 8
3 7 3. 8 7
4 1 8. 5 0
4 4 7. 6 0
4 6 1. 2 8
4 9 2. 1 6
5 1 5. 0 1
5 4 1. 7 2
5 8 6. 4 7
6 3 4. 0 1
6 5 1. 1 0
7 1 7. 9 2
7 5 5. 3 0
7 9 3. 4 7
8 3 5. 6 7
8 7 5. 7 2
9 0 8. 2 5
9 5 9. 4 9
9 9 4. 5 6
1 0 6 3. 5 6
1 1 4 7. 3 9
1 1 7 0. 5 6
1 2 2 7. 3 7
1 2 6 6. 8 2
1 3 2 1. 3 9
1 4 0 2. 5 4
1 4 1 2. 0 8
1 4 7 0. 2 7
1 5 4 9. 7 3
1 5 6 9. 3 2
1 6 4 5. 0 5
1 6 6 9. 9 1
1 7 1 0. 5 0
1 7 6 0. 7 8
1 8 2 0. 2 2
1 8 1 8. 4 3
1 8 4 1. 9 0
1 8 5 6. 6 2
1 8 9 0. 1 9
1 8 9 7. 9 9
1 8 9 8. 3 7
1 8 9 5. 6 0
1 8 9 1. 7 5
1 8 6 4. 2 3
1 8 8 0. 3 1
1 8 8 9. 1 2
1 8 3 1. 5 7

N (t ot al # of P a rti cl e s)
93708

